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The four essential cell division genes ftsQ, ftsA, ftsZ. and envA 
are arranged sequentially within a large cluster of genes required 
for cell envelope growth and form. 	The bacteriophage X.TFL100 
carries the 1.8 kilobase 	R1- .adIII chromosomal restriction 
fragment which spans the ftsQ and part of ftsA coding sequences. 
This fragment contains at least two promoters; one within ftsQ is 
required for the expression of ftsA and one within ftsA is required 
for expression of ftsZ. The f.j. fragment is cloned upstream of a 
lecZ gene so that transcription originating from within the fragment 
leads to the production of -galactosidase. Expression from the fts 
promoters in cells lysogenic for the phage is shown to be 
derepressed in the absence of FtsA protein. The results presented 
here suggest that transcription from these promoters is linked to 
the cell's periodic requirement f or FtsA protein during septum 
formation. 
The exact positions of the promoters within the group is not yet 
known although their approximate locations have been determined by 
promoter assay and sequence analysis. An attempt has been made to 
define the position of the ftsA promoter more precisely by j.-vitro 
transcription from short, defined templates and by the sequential 
deletion of ftsQ. Serial deletion through ftsQ has revealed what 
appears to be a complex upstream regulatory region, reminiscent of a 
eukaryotic enhancer element, which influences the expression of 
ftsA. A model is presented for the transcriptional control of ftsA 
expression. 
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CHAPTER 1 
Introduction 
"The greatest advance I can conceive in biology 
would be the discovery of the instability which 
leads to the continued division of the cell. When I 
look at a dividing cell I feel as an astronomer 
might do If he beheld the formation of a double 
star: that an original act of creation is taking 
place before me" 
William Bateson c.1905 
The cell Is the basic unit of life and one of the most fascinating 
of natural sights must be that of the cell undergoing division. Yet 
this dramatic finale to the cell cycle should not be allowed to 
obscure the delicately co-ordinated processes which go on behind the 
scenes, in Its preparation. It is, in part, towards a greater 
understanding of these processes in the bacterium Escherichla coli 
that this thesis is dedicated. 
Cells divide in order to survive. The cells which we are observing 
have arisen from an ancient progenitor. Their regular growth and 
division will ensure the continuity of the species and, in effect, 
their own Immortality. One of the most striking features of normal 
bacterial growth is just that - its regularity. Cells grow to a 
certain size (determined by the availability of nutrient), DNA 
replication is initiated and cell division takes place shortly after 
its completion. This sequence of events has taken place for 
countless generations with a precision that defies the imagination. 
What, then, are the mechanisms which regulate it? 
1.1 Growth of the Bacterial Cell 
The prokaryotic organism's simple lifestyle Is geared towards 
growth: they have become masters of rapid and efficient cell growth. 
The success the bacteria have had In colonising some of the earth's 
most inhospitable habitats is largely due to their closely 
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integrated metabolic system. This ensures that adaptive adjustments 
are made to the cell composition in response to changes in the 
growth rate. Thus, the inacroinolecular composition of a cell( e.g. 
its total RNA, protein, DNA, tRNA content etc) in balanced growth is 
characteristic of its growth rate. An excellent review of the above 
material is given by Ingrahain, Maalee and Neidhardt (1983). 
Many of the enterobacteria are characterised by having a well 
defined rod-like shape. The increase in cell volume between 
successive division events (which takes place almost entirely by an 
increase in cell length) demands a simultaneous increase in the cell 
surface area. A brief description of the organisation of the cell 
envelope may help to put some of the considerable problems 
associated with cell surface growth into perspective. 
The E.coli cell envelope is composed of three main layers: 
The inner or cytoplasmic membrane is a semi-fluid phospholipid 
bilayer, similar in composition (up to 30% lipid, 70% protein) to 
that of the eukaryotic plasma membrane. 	It delimits the cell and 
ensures the localised high concentrations of reactants that are the 
cell. The role of the membrane as an effective permeability barrier 
is secondary to its unique functional role - its proteins are those 
of the oxidative phosphorylation system, the electron transport 
chain and of a variety of transport systems. The membrane is also 
involved in directing transport of peptidoglycan precursors into the 
periplasmic space for subsequent incorporation into the cell wall. 
Interest in the topography of plasma membrane assembly has also been 
high because of its postulated role in the segregation of aucleoids 
at the time of division (Jacob, Brenner and Cuzin, 1965). 
The high internal osmotic pressure (Mitchell and Moyle, 1956) 
would certainly lyse the cell if it was not for the rigid 
peptidoglycan sacculus which encloses it. 	The peptidoglycan layer 
is a single, highly extended molecule which appears to be the main 
stress-bearing element of the cell, and which also gives the cell 
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its characteristic rod shape. A battery of enzymes (the penicillin 
binding proteins) catalyse the reactions that result in the assembly 
and growth of the sacculus, and in the growth of the transverse 
septum across the centre of the cell at the time of division (Ishino 
and Matsuhashi, 1981; Markiewicz et gj, 1982; Ishirio et gj, 1986). 
Disruption of this process by inhibiting one or more of the PBPs 
involved in peptidoglycan assembly results in the rapid lysis of the 
cell. This is the route through which many antibiotics 
(particularly the penicillins) exert their lethal effect (Chase gj 
j, 1981; Spratt, 1977). A few antibiotics (such as cephalexin and 
furazlocillin) specifically inhibit septation by binding the minor 
PBP, PBP3, the protein product of the ftsl gene (pbpB, sep; Walker 
et j, 1975). Biochemical studies have indicated that PBP3, like 
PBPIA and IB, shows both transpeptidase and transglycosylase 
activities j. vitro on peptidoglycan substrates (effectively, the 
enzymatic ability not only to extend the pre-existing glycan chain, 
but also to form the peptide cross-links needed in septation) 
Ishino and Matsuhashi, 1981. To date, this is probably the best 
characterised of the proteins which play a part in growth and 
septation. 
(c) The outer membrane completes the envelope. Separated from the 
cytoplasmic membrane by the periplasmic space, it is anchored to and 
encloses the peptidoglycan layer. Once again, the outer membrane 
takes the form of the typical lipid bilayer but it varies from the 
plasma membrane in Its composition and unusual asymmetry. Its inner 
aspect is rich in phospholipid, in contrast to the outer layer in 
which the phospholipid is largely replaced by lipopolysaccharide. 
This presents an almost impenetrable hydrophobic surface to the 
external environment. Permeability is provided by porins which act 
as channels to allow the rapid diffusion of specific small 
molecules, or the facilitated transport of selected substrates 
through the membrane. One such specific diffusion channel is 
created by the LamB protein which allows the efficient transport of 
maltose and maltodextrins across the outer membrane (Luckey and 
Nickaido, 1980). A fully induced cell contains close to 10 LamB 
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monomers, corresponding to 1 to 2% of the total cellular protein 
(Diedrich and Fralick, 1982; Schwartz, 1983). The presence of this 
protein in the outer membrane is also of significance to the cell 
because the portion of the protein exposed on the outer face of the 
membrane acts as a receptor for phage lambda (Randall-Hazelbauer and 
Schwartz, 1973). Similarly, other membrane proteins provide 
receptor sites for a number of other phages (Charbitt and Hofnung, 
1985). FInally, the unique lipoprotein links the outer membrane to 
the rigid murein layer (Tipper and Wright, 1979; Braun and Rehn, 
1969). 
The cell envelope of E.coli Is therefore a structure of great 
complexity and yet remarkable order. The problems associated with 
its assembly and subsequent growth are probably the least understood 
steps of metabolism, but not for the want of detailed investigation. 
The body of information on the subject is extremely large and often 
contradictory In nature. Therefore, only a brief resume of the 
most relevant parts will be given here. 
Koch (1982), likened the bacterial cell to a "closed, pressurised 
vessel" In which all but the cytoplasmic layer are, technically, 
assembled outside the cell. The component layers of the cell 
envelope are closed surfaces and for the continued viability of the 
cell they must remain that way. The insertion of new material takes 
one of two distinct pathways depending on its destination. The 
first route is that taken in the assembly of the membranes. 
Synthesis of the phospholipids (the major component of both 
membranes) occurs In the cell membrane. Jones and Osborne (1977) 
showed that there is a rapid exchange between the phospholipids of 
the outer and inner membranes. The mechanism by which translocation 
is achieved remains obscure but it seems likely at present that 
exchange occurs by diffusion through the zones of adhesion between 
the membranes (Bayer's junctions; Bayer, 1979). After translocation, 
It is thought that the hydrophobic domains of the phosphoilpids are 
sufficiently attractive to one another to largely determine their 
self-assembly. This simplified model alone does not account for the 
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assembly of proteins into the outer membrane. For this, special 
transport and assembly processes are brought into play e.g. the 
presence of signal sequences, or the Bayer's junctions through which 
precursors can be passed into the growing structure. In contrast to 
the above situation, in which the components of the membranes are 
associated by non-covalent bonds, the insertion of new material into 
the peptidoglycan sacculus requires that covalent bonds be broken 
and formed. 	Assembly of the sacculus therefore follows a second, 
distinct route. 	As in the case of the outer membrane, the exact 
mechanism used is still a matter of some conjecture but the 
mechanism described here is quite plausible. Thus, in order to 
enlarge, newly synthesized peptidoglycan precursors must initially 
be added and secured to the innermost surface of the existing wall. 
It is only when this -has been successfully completed that bonds 
under tension in the pre-existing wall can be selectively split and 
the new material allowed to extend into the stress-bearing surface 
(Koch, 1985). 
Any consideration of the composition and organisation of the cell 
envelope as it enlarges and divides must take into account the 
replication of the bacterial chromosome. Regardless of the rate at 
which the cell is growing (which could be anywhere between 20 
minutes f or fast growing cells and periods of several days in the 
nutritionally poor environment of the gut) the chromosome must be 
replicated and segregated exactly once for every division. How is 
replication and segregation of the genome co-ordinated with cell 
growth? 
1.2 Coupling of DNA Replication and Cell Division 
To ensure genetic continuity, the information in the DNA must be 
faithfully reproduced and distributed to the progeny. The growth 
rate of E.coli cells can vary over a wide range depending on the 
availability of nutrients. It is absolutely essential therefore 
that replication of the chromosome keeps perfect time with growth 
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and division. 	Since the chromosome is a single molecule and the 
rate of DNA synthesis per replication fork is almost constant (under 
conditions of fairly rapid growth, i.e. generation times between 20 
and 70 minutes) the delicate balance is maintained by regulating the 
frequency of initiations at the origin of replication (Yoshikawa, et 
j, 1964). Initiation of chromosome replication takes place at each 
successive doubling of a particular cell mass which is the same at 
all growth rates (Donachle 1968; 1981). Cooper and Helmstetter 
(1968), described a model of the cell cycle in which the replication 
cycle was defined in terms of the three parameters, C, D and I. 
Where C corresponds to the time taken it takes the replication forks 
to traverse the chromosome; the D period is a constant time of 
approximately 20 minutes that elapses between the termination of DNA 
replication and the completion of cell division; I is the period 
from Th start of the current round of DNA synthesis and the 
initiation of the next (Figure 1.1). 
These parameters can give us some insight into the organisation of 
the cell cycle. 
The termination of DNA replication takes place approximately 20 
minutes before cell division occurs. 	This is also about the time 
when cells become commited to divide, at about twice their unit 
length (Donachie 	J,, 1976; Grover It 01, 1977; Donachie 
1984; Nanninga and Woldringh, 1985). 
When the I period is greater than 60 minutes ( C + D ) new 
initiations are made only after the daughter cells have separated. 
If I = C then the new initiation starts once the previous one 
has been completed, but before cell separation. 
If I is smaller than C, the DNA replication cycles overlap. 
The patterns of multifork replication within dividing cells can 
become quite complex. 	As a consequence, cells which are growing 
rapidly (with a large cell volume, Schaechter et al, 1958; Dortachie 
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Fig. 1.1 Legend overtecif 
Figure 1. 1 	Growth, chromosome replication and division of an 
"Ideal" E.coui cell at two generation times: 80 ruin (A) and 30 
min(B). Cell extension is unipolar until the cell reaches a length 
of 2L. (twice the minimum theoretical cell length). At this length 
septum formation is initiated at a point midway between the two cell 
ends (filled in square) and cell extension becomes bipolar. Septum 
formation takes 20 minutes (IIDU ruin) to complete. Rounds of 
chromosome replication are Initiated at each doubling of the unit 
volume, V,, (the theoretical minimum volume) such that the ratio 
between cell volume and number of initiations Is constant at the 
time of Initiation (open squares). Replication begins at a unique 
site (oriC) and proceeds at a constant rate, bidirectionally around 
the chromosome to reach the terminus after 40 ruin ("C" ruin). Thus 
termination of rounds of replication always coincide with the time 
that cell length reaches 2L. When the generation time of the cell 
Is less than C minutes, then new rounds are Initiated before 
preceding rounds have completed, to give dichotomously replicating 
chromosomes. When the generation time is greater than C ruin, then 
there is an interval after cell separation, before new Initiations 
are made. When the generation time of the cell Is greater than 60 
ruin (C+D), then cell volume at birth Is less than 2V, and there is a 
period at the beginning of the cycle during which no DNA synthesis 
takes place. 
Figure and text from Donachie, 1981. 
1981) contain correspondingly more chromosomes per cell than their 
slow-growing counterparts. 
Finally, there remains the question of how segregation and 
partitioning of the genomes between daughter cells might be 
achieved. The mechanism of genome segregation is not known. The 
most widely held view, which now goes back some 25 years to the 
original suggestion by Jacob j gj, (1963), is that there may be a 
physical connection between the daughter chromosomes (possibly 
between either the origin or the replication forks) and the cell 
envelope. Growth of the envelope between the daughter strands would 
lead to their segregation and the laying down of a septum would 
partition them. There is a growing body of evidence to support the 
existance of specific DNA-membrane binding sites (Kusano §j 
1984; Wolf-Watz, 1984), but it has not been possible to show that 
DNA does actually associate with the envelope in living cells. 
Until it is possible to isolate a unique DNA attachment site, this 
model will remain to be proven. 
The processes of cell growth and genome duplication have been 
reviewed extensively. The following texts provide a comprehensive 
survey of the subject: Donachie, 1981; Donachie and Robinson, 1987; 
Nanninga and Woldringh, 1985. 
1.2.1 Emergency Blocks to Division 
As illustrated above, the processes of DNA replication and cell 
division are usually closely co-ordinated. Indeed, exposing cells 
to stresses which damage their DNA (e.g. UV treatment) or interfere 
with their replication (thymine starvation, nalidixic acid and 
various gene mutations, such as dnaE and dna8) induces a block to 
division, so ensuring that anucleate cells are not formed. These 
various inhibitors block cell division by a common mechanism, 
through induction of the SOS response. Not only do mutations at a 
large number of genetic loci (including recA and lexA) induce the 
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SOS system, but a wide variety of physiological stimuli can also 
have the same effect and hence block division to varying degrees. 
Since this may prove to be of relevance in the interpretation of 
later experiments, it may be worthwhile to pause here to examine the 
endogenous inhibitors of cell division. 
The filamentatlon assdciated with the SOS response results from 
Induction of the sfiA gene. The steps leading to the induction not 
only of sfiA, but of a network of more than 17 damage Inducible 
(j) genes have been the subject of many papers (Huismen and D'Ari, 
1981; D'Ari and Huisman, 1982; Walker, 1984; Walker, 1987) making 
this one of the best characterised regulatory systems. In the 
uninduced cell the lexA gene produces a repressor protein which 
recognises and binds to a consensus operator sequence ("LexA box") 
in front of the genes of the SOS regulori. Many of the SOS genes are 
nevertheless expressed at low levels even In the unlnduced state. 
In response to specific but still poorly characterised signals (e.g. 
single-stranded DNA sequences such as are excised from the regions 
surrounding pyriinidine dimers, or the single-stranded sections near 
blocked replication forks), RecA protein undergoes a reversible 
activation. This permits the autocleavage of LexA, allowing the 
rapid induction of the genes of the SOS system, Little (1984). 
One of the derepressed genes, sf IA, codes for a specific inhibitor 
of cell division. The sfIA protein plays no part in the normal 
division cycle (Huisman et AL 1983; Huisman and D'Ari, 1981.) and 
Lutkenhaus (1983), has demonstrated that it is the interaction of 
sfiA with FtsZ protein, at an early stage in the formation of the 
septum, which inhibits cell division. Increasing the levels of FtsZ 
by introduction of a multicopy plasmi.d carrying the ftsZ gene was 
sufficient to suppress the filamentation phenotype of both lon and 
lexA(ts) mutants (Lutkenhaus et al, 1986; Ward and Lutkenhaus, 
1985), presumably by titrating out the sfiA product. They were also 
able to show that mutations which resulted in an altered FtsZ 
protein (known as sitS mutants) were sufficient to enable the cell 
to divide even In the presence of SfiA. Additionally, Jones and 
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Holland (1985) showed by measuring the half-life of Sf iA in Sf IB 
and sfiB cells that the SfiA and FtsZ proteins interact and that 
Sf IA and FtsZ (suB) do not. As DNA damage is repaired, Inducer 
molecules are no longer produced and the RecA protein is converted 
back to a form which is unable to cleave LexA. As the genes of the 
SOS regulon once again become repressed it remains only to relieve 
the division block exerted by the sTable sfiA protein to escape the 
SOS state completely. This final step is achieved by the action of 
the lon protease on Sf iA (Mizusawa and Gottesman, 1983). Lon is 
apparently not essential for cell survival and growth under normal 
conditions (Gottesman g... MI, 1985) but deficiency of Lon leads to a 
multitude of phenotypic abnormalities, including a prolonged 
inhibition of division after sfIA induction, correlated with an 
increased half-life of the sfiA protein. 
Some strains of E.colI possess a second system of division 
inhibition, designated sfiC, which is associated with the presence 
of the defective prophage e14 (D'ArI and Huisman, 1983). The system 
is induced by RecA protease but is not dependent on LexA, showing it 
Is not directly regulated by the LexA protein. The gene is probably 
under control of a phage repressor which is itself sensitive to 
inactivation by RecA. Interestingly, the mutations in ftsZ which 
render the sf18 protein insensitive to Sf IA also abolish inhibition 
by the sf IC inhibitor, emphasising the importance of FtsZ protein in 
cell division (D'Ari and Huisman, 1983). 
The final major system which results in the inhibition of cell 
division, although in this instance not in response to DNA damage, 
is the so-called "Heat Shock" response. This is a nearly universal 
cellular response to a sudden shift from a lower to a higher 
temperature (heat shock), which results in the transient production 
of a set of proteins named HTP (Neldhardt and Van Bogelen, 1981). 
The induction of the HTP proteins is controlled by the product of 
the htpR gene, a sigma-like transcription factor (HtpR), Neidhardt 
gJ , 1984; Grossman gt al, 1984. When E.colt cells are shifted to 
42C from a lower temperature (30C) a transient increase in the 
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cell size is observed. This results from a rapid change in the rate 
of mass increase whilst division remains at the preshift rate. 
After a short period, a burst of division realigns cell division 
with the mass increase. Mutants deficient In the heat shock 
response are incapable of division at 42C and long filaments are 
formed. DnaK and groE mutants are incapable of division at 42C, 
The DnaK protein has been proposed as a negative regulator of the 
H1P regulon (lilly 	j, 1983), serving to turn-down the response 
after Its initial Induction. 	DnaK mutants therefore continue to 
produce all other HTP proteins at high levels at 42C. The cause of 
the division inhibition has not yet been identified In these 
mutants, it may prove to result from the activation of a further 
unique inhibitor of division, which may prove to be part of the HIP 
regulon. 
The preceding paragraphs have all been concerned with ways in which 
the normal route of cell division can be disrupted or prevented. 
None of these mechanisms influence division In the unperturbed cell. 
What then are the genes Involved in "normal" cell division? 
1.3 The Genetic Organisation of the 2-minute Cluster 
The organlsation of the cell division genes, with respect to their 
chromosomal location, has proved to be as unusual as their molecular 
arrangement. The "morphogenes" (Donachie gt 11, 1984) show a 
general clustering around the origin of replication with the largest 
gene-dense arrangement centred at 2 minutes and extending for some 
20 kilobases (Figure 1.2). It has been suggested that the proximity 
of the clusters to the origin ensures that the concentration of the 
genes remains roughly constant over a range of growth rates 
(Donachie and Masters, 1969). A second "minor" morphogene gene 
cluster which encodes the membrane proteins, DacA, RodA, and PbpA, 
is found at 15 mInutes, RodA and pbpA between them seem to be 
responsible for maintaining the rod-shape of the cell. Temperature-
sensitive mutants at either of these loci not only have lost the 
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Figure 1.2 	The cell, division genes of E.co].1. 	The circle 
represents the genetic map of E.coli. (which is divided into 100 
equal intervals and shown with the arbitrary 'O" point at the top). 
For orientation, the replication origin (oriC) and terminus of 
replication are also shown. The radii cut the circular linkage 
group at the reported loci of the morphogeries (Donachie j gj, 1985) 
In addition, the loci of the two SOS genes, lexA and recA, are 
shown, together with g_ya and ç •. The arrangement of the cell 
division genes at 2- minutes is shown boxed. 
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capacity to grow as rods at the restrictive temperature, but they 
are also unable to elongate even when cell division is blocked. A 
third cluster of morphogenes lies around 76 minutes where the ftsE, 
ftsS and fam genes are located. The work In this thesis is 
concerned primarily with a small number of the cell division genes 
found at 2 minutes (paticularly 	L ftsQ, ftsA and ftsZ and erivA), 
and this discussion will limit Itself to these genes. 	A more 
comprehensive list of the genes involved in cell morphogenesis can 
be found in Donachie et al, 1985. 
The major morphogene cluster comprises 14-16 genes which are 
required f or the growth, function and morphogenesis of the cell 
envelope (Figure 1.2). At least 9 of the proteins are involved in 
the biosynthesis of the peptidoglycan sacculus which gives the cell 
its characteristic rod-shape. The protein products of a further 
five (ftst, ftsQ, ftsA, ftsZ and envA) are known to be required 
exclusively for cell division in E.coli. FtsI is separated by 5 
peptidoglycari genes from ftsQ, ftsA, ftsZ and envA which form a 
consecutive run of genes. Physiological studies have suggested the 
probable order of action of the proteins in the steps of division: 
leading from the initiation of septatiori with FtsZ through the 
intermediate steps In the formation of the septum (Ftst, FtsQ, and 
FtsA) to completion of cell separation by EnvA (Begg and Doriachie, 
1985). 
This laboratory has a large collection of cell division mutants 
which show highly characteristic temperature sensitive Inhibition of 
septation. Es. mutants at 42C grow Into continuous elongated 
filaments, their exact morphology differing slightly with the gene 
affected. Thus, ftsA mutants show regularly located constrictions 
corresponding to septation sites (Donachie e j MI, 1984). FtsO and 
ftsl mutants do not form visibly constricted filaments but strains 
carrying a second mutation in one of the shape genes prove that 
regularly spaced septal points, are formed (Begg and Donachle, 1965; 
Donachie et al, 1984). In contrast, the single known ftsZ allele 
cannot be shown to form the beginning of a septum at all. There is 
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a suggestion that FtsZ may be in some form of membrane association 
(J.F. Lutkenhaus, pers comm.), but evidence still has to be 
presented to support this claim. It has been proposed, then, that 
FtsZ protein is required to initiate cell division, the FtsI (PBP3) 
and FtsQ proteins are required for a slightly later step and FtsA 
for one still later. All four proteins are required for the 
completion of the septum. The one known mutant allele of envA is 
deficient in the final separation of the double peptidoglycan layer 
which forms the septum (Norrnark et al, 1969). Neither the enzymatic 
function nor the structural role of any of the proteins other than 
that of PBP3 has been determined, although the envA mutant has been 
shown to have a greatly reduced level of the membrane protein N-
acetylmuramyl L.-alanine ami.dase (Wolf-Watz and Normark, 1976). It 
has not been proven unequivocally that this is the enzyme 
responsible for peptidoglycan cleavage since envA and the amidase 
exhibit slightly different molecular weights on electrophoresis. 
Beall and Lutkenhaus (1987) also argue that the secondary structure 
predictions for EnvA (which lacks the long, highly hydrophobic 
stretches characteristic of membrane proteins) make it more likely 
to be a cytoplasmic rather than a membrane-associated protein. 
Gene-fusion experiments and DNA sequencing of the division genes has 
allowed the main features of their puzzling transcriptional 
organisation to be described. It is clear that despite their 
intimate association and remarkable similarity in overall function, 
the structural organisation of the cluster is far from being that of 
the "typical" operon. Figure 1.3 swnmarises the genetic organisation 
of the cluster. 
Each of the genes has at least one promoter lying adjacent to it and 
from which it can be expressed in isolation from the rest of the 
cluster. 	The genes are all transcribed in the same direction 
(Lutkenhaus and Wu, 1980; Sullivan and Donachie, 1984b; Robinson 
j, 1984; Robinson et 01, 1986; Beall and Lutkenhaus, 1987). 	Most 
interestingly, because the promoters of the individual genes are 
located within the coding sequence of its upstream neighbouring 
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Figure 1.3 
Arrangement of the essential cell division genes ftsQ ftsh, ftsZ and envA. Open 
reading frames are shown in boxes and promoters as arrows. The transcriptional 
terminator is shown as "1". ddl is the D-alanine D-alanina ligase gene and X is an 
ORF of unknown function. The locations of some reference restriction sites are also 
shown. 
genes, the transcriptional units actually overlap one another 
(Robinson gt. al. 1984; 1986; Yl et. al, 1985). At first sight these 
observations might suggest that the region behaves as a series of 
independent genes rather than a single transcriptional unit. Study 
has proved that in reality, neither conclusion would be correct. 
It appears that transcription of each gene in the cluster is much 
more efficient when it is cloned in association with increasing 
amounts of upstream DNA. FtsZ has been best studied in this 
respect. The ftsZ gene is expressed only weakly from the promoter 
located immediately adjacent to it, at the end of ftsh (Yi 
1985). However, transcription of the gene is Increased by about 3-
fold on addition of some 700bp of upstream DNA. Addition of further 
DNA leads to progressively increased expression (Ward and 
Lutkenhaus, 1985; Yi gJ gl, 1985). Similarly, neither ftsA nor ddl 
are fully expressed (i.e. there Is not sufficient transcription of 
the gene to support normal cell division in a strain with a 
temperature-sensitive chromosomal allele) when cloned in single copy 
with only their proximal promoter present (Begg 11 j, 1980). They 
e expressed sufficiently to support normal cell division when 
cloned downstream of a larger sequence (one extending into ddl or 
murO), Lutkenhaus j J.., 1986. Gene fusion experiments (where galK 
or lacZ were put under control of fragments sub-cloned from the 
cluster) and DNA sequence data have confirmed that each of these 
upstream regions do In fact contain further promoters (Robinson 2t 
11, 1984; 1986). 
The existence of at least 11 promoters within the cluster has been 
demonstrated. Thus, there is at least one promoter In ddl which can 
transcribe ftsQ (Robinson, 1986), a promoter (possibly two) within 
ftsQ can transcribe ftsA while at least three promoters in ftsA 
transcribe ftsZ (Sullivan and Donachie, 1984; Yi j al, 1985; Begg 
et .L 1980; Robinson gt. il, 1984). EnvA is preceeded by its own 
promoter which is the strongest in the group (Sullivan and Donachie, 
1984b; Beall and Lutkenhaus, 1987). No promoters transcribing in 
the opposite sense have yet been detected and no transcription 
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terminators have been found between murC and envA, although there is 
some degree of attenuation between genes. A strong rho-independent 
terminator just downstream of envA uncouples transcripts originating 
from upstream promoters (possibly from as far up as murC) from gene 
X and secA (Beall and Lutkenhaus, 1987). 
We know very little about which promoters are used iLn. vivo or indeed 
about how the genes come to be expressed at a particular time and 
place in the growing cell. It seems likely that the downstream 
genes could be expressed from a variety of transcripts which have 
their start at different upstream promoters. We can speculate that 
a transcriptional event Initiating from regions around or upstream 
of murC might allow coupled expression of the division genes before 
the transcript stops after envA. It is possible that the 
overlapping series of promoters plays a regulatory role, enabling 
expression of individual genes (e.g. those required only during cell 
division) to be partially independent of the cluster as a whole. We 
know that the adjacent genes are not co-ordiriately expressed; the 
levels of the gene products seem to be roughly the reverse of the 
polarity seen with a single transcript ( EnvA > FtsZ ) FtsA > 
( FtsQ? ) ). The function of internal promoters will be discussed 
in greater detail In the next section, but the possibility that they 
could allow independent transcription of the cell division genes may 
go some way towards explaining the pattern of FtsA synthesis in the 
cell cycle. 
There is no biochemical assay for FtsA protein, but by making use of 
a strain temperature sensitive for the synthesis of FtsA (a nonsense 
mutation in ftsA used in combination with a temperature sensitive 
suppressor t-RNA) It has been shown that FtsA requires to be 
synthesised once in each division cycle, during a period of about 15 
minutes just before cell division takes place (Donachie 
1979). 	It has not been possible to say unequivocally whether the 
protein is made throughout the cell cycle (and that only those 
molecules made during the critical period can be used) or whether it 
is synthesised in a single burst just as it is required to be 
- 19 - 
incorporated into the septum. The brief but high rates of synthesis 
required in the second instance would require a mechanism to allow 
the independent transcription of ftsA. Internal promoters might 
fulfill this role very efficiently. 
There are numerous examples of hyphenated dyed repeats within the 
ftsQ, ftsA region (Robinson 11 MI, 1984). Such inverted repeats are 
rare or absent in the other sequenced genes in the cluster. Their 
function is not known, but their presence might indicate the 
existence of trans-acting effector molecules which regulate 
transcription of these genes. Alternatively, at least two of the 
pairs of inverted repeats (the homologous inverted repeats found 
around PA 1 and PA3 ) could represent stem-loop structures in rnRNA and 
be involved in post-transcriptional regulation (Robinson et gj, 
1984), Figure 1.4. 
The work in this thesis Is concerned with the ways in which 
expression of the cell division genes may be regulated, and on ftsA 
in particular. It may be worthwhile to pause here briefly and 
reflect on what we know about the function of this protein before 
going on the describe some of the more well-documented mechanisms by 
which gene expression is regulated. 
1.4 The Role of FtsA In Cell Division 
The FtsA protein consists of a 420-residue polypeptide of molecular 
weIght 45 400 deltons (Lutkerthaus and Donachle, 1979; Robinson g.. 
, 1984; Yi 2t 21, 1985). Cells cannot divide if synthesis of FtsA 
Is blocked within about 15 minutes of the expected division event 
(i.e. when the septum is being made), Donachie et al, 1979. 
Tormo and Vicente (1984), have suggested that FtsA plays a 
structural role In the construction of the septum. By following the 
septation of filaments recovering from a division block they 
observed that septal sites exposed to Irreversibly inactivated FtsA 
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Figure 1.4 The regions of inverted repeat symnetry found around the 
PA2 , P 3 and PA3 consensus sequences are shown base-paired. The 
position of the -1 position of the relevant promoter is indicated 
with an arrow (see also Figure 5. 14 and F. 3.1) 
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divided only very poorly when returned to permissive conditions. 
They later extended their initial observations to report that FtsA 
protein Interacted with PBP3 (the protein required specifically for 
septum formation, Tormo et al, 1986). They showed that mutations in 
the ftsA gene not only made the cells more resistant to lysis by - 
lactam antibiotics, but the presence of inactive FtsA protein 
prevented the binding of [ 1 25 1) ampicillln to PBP3. They suggest 
this indicates a physical association between the two proteins at 
the time of septation. It has not been proven conclusively that the 
role of FtsA is, in fact, structural. It is quite possible that 
FtsA acts on a component of the septum, perhaps regulating its 
formation rather than being an integral part of the the structure 
itself. 
While the final identification of the properties of the ftsA gene 
product awaits purification of the protein, we do have some clues as 
to what its function might be. An analysis of the amino acid 
sequences encoded by FtsA has shown quite striking degrees of 
homology to the aRaIIIM gene of B.subtilis (Errington, 1988), to the 
CDC2 gene of Schizosaccharomvces pombe, to CDC28, the cell cycle 
gene of the budding yeast Saccharomyces cerevisiae (Robinson et 
1987) and most surprisingly of all, to CDC2Hs the human homologue of 
the CDC2 gene. 
Cdc2Hs LYLIFE*FL.SMDLK*KYLDSIPPGQYM**D 
FtsA L N L V N E E I LQEKLKLR*QQGV*KHH*LAAG 
Cdc28 LYLVFE*FLDLDLK*RYMEGI P K D Q P L G A D 
Cdc2Sp LYLVFE*FLDMDLK*KYMDRISETGATSLD 
Cdc2Hs **LV*KSYLYQILQGIVFCHSRRVLHRDLK 
FtsA 	* * I V L T G G A R Q I * E G L A A C * A Q R V F H T Q V R 
Cdc28 * * I V * K K F M M Q L C KG IA Y C H S H RI L H RD L K 
Cdc2Sp P R L V * Q K F T Y Q L V N G V N F C H S R R I I H R D L K 
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Both the cdc2 and cdc28 genes products play Important roles in 
controlling the commitment of cells to the mitotic cycle and In the 
timing of mitosis (Simanis and Nurse, 1986). The two genes are 
functionally interchangeable (mutants in CDC2 can be rescued by the 
presence of the CDC28 gene from S.cerevisiae; Beach et . j, 1982), 
and structurally very similar (62% homology in amino acid sequence) 
even although they are not derived from closely related species. 
Could the similarities between the amino acid sequences of these 
proteins and that of FtsA give us some insight into the properties 
of the FtsA protein? 
Both CDC2 and CDC28 are phosphoproteins and have been shown to have 
protein kinase activity (Simanis and Nurse, 1986; Reed et al, 1985). 
It is in fact the presence of the ATP binding site and the 
phosphorylation site which accounts for the greatest part of the 
similarity between these proteins. Likewise, the predicted amino 
acid sequence of CDC2Hs contains these two consensus regions and it 
seems most likely that it, too, is a protein kinase. The consensus 
sequences for the AT? binding and phosphorylation sites are found in 
the CDC proteins In the sequences flanking the segment of FtsA 
homology. Curiously enough, the FtsA sequence does contain contain 
consensus motifs for these sites (although the consensus is not very 
stringent), but their order has been reversed with respect to their 
orientation in the yeast and human sequences. It is Interesting to 
speculate on whether FtsA will prove to have protein kinase 
activity. 
It has been suggested that entry Into the mitotic cell cycle in 
yeast could by regulated by the phosphorylatlon state of the cdc2 
protein (Simanis and Nurse, 1986). 	In poor growth conditions the 
cell cycle lags in the Gi period, the protein remains 
dephosphorylated and has no protein kinase activity. On addition of 
nutrients the protein becomes phosphorylated, protein kinase 
activity is restored and the cells enter into the mitotic cycle of 
division. It is the control of "start" by the cdc2 gene product 
which therefore would be the major rate-limiting step for the Gi 
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period of the cell cycle. 	Perhaps FtsA activity during the cell 
cycle could be regulated in a similar fashion, with the 
phosphorylation state of the protein in turn determining its ability 
to regulate expression of the cell division genes under its control? 
Lee and Nurse conclude their 1987 paper: ' 4 The identification of a 
cdc2-like function in human cells suggests that elements of the 
mechanism by which the cell cycle is controlled will probably be 
found in all euharyotic cells". Perhaps we may soon be able to 
extend this to include prokaryotic cells also. 
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1.5 The Regulation of Gene Expression 
How is gene expression controlled? Even if our question is directed 
solely towards E.coli, no universal solution becomes immediately 
apparent. Instead, it appears that individual genes and operons 
have solved the problem in a number of unique ways, although some 
are, indeed, variations on a theme. Unravelling the complexities of 
division-gene regulation is going to take some time, but we may find 
that an understanding of the solutions other gene systems have found 
will shed light on the way in which control is effected in our own. 
This section, then, will describe a few of the ways in which gene 
expression is regulated in E.coli. The selection is not 
comprehensive; most have been chosen because of their possible 
relevance to our own area of study. Particular emphasis has also 
been placed on the mechanisms which control the initiation of 
transcription. 
1.6.1 Control at the level of transcription 
The most direct way of selectively regulating gene expression is by 
controlling the formation of the mRNA transcript. The process of 
transcription Is an elaborate event and its control may be achieved 
in a variety of ways: 
(a) Control at transcription initiation: 
The transcription event begins as the RNA polymerase locates and 
specifically binds to a promoter sequence, forming a stable, closed 
initiation complex. The partial melting of a short stretch of DNA 
(usually a region of about 12bp) within the sequence bound by the 
enzyme, results in the formation of the transcriptionally active 
open complex. The polymerisatlon of the first few nucleotides of 
the nascent RNA chain is a particularly critical period with as many 
as 50% of enzyme molecules aborting at this stage. However, once 
the transcript Is 8-9 nucleotides long, sigma factor is ejected from 
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the core enzyme complex, the polyrnerase gains a tenacious hold on 
the template and its processivl.ty increases dramatically. 
It is generally accepted that a large part of the difference in the 
relative efficiencies of promoters (which can vary over four orders 
of magnitude, WClure 1985) is due to differences in the DNA 
sequence of the promoter itself (Harley and Reynolds, 1987; Mulligan 
et j, 1984; Hawley and McClure, 1983). Comparison of promoter 
sequences has led to the identification of two conserved hexarners: 
the -35 sequence ( T I G A C A ) and, separated by a 16 to 18bp 
spacer region, the -10 sequence ( T A 1 A A T ). In each region 3 
bases are highly conserved: the T T G . . at -35 and the 
I A . . . T at -10. Weakly conserved homologies flank these 
sequences. The efficiency by which a promoter directs the synthesis 
of a message is therefore largely dependent on its DNA sequence. 
This conclusion is supported by the observation that promoter 
mutations which decrease the homology from that of the consensus 
generally tend to be down mutations; the converse is also true. 
So, transcription can be regulated at the level of initiation by 
differences in the DNA sequences (primarily in the conserved 
hexamers) which function as promoters. Although promoters can be 
recognised by RNA polymerase alone, in many cases additional factors 
also modify their basal strength. This can include a range of 
protein molecules, from repressor molecules which physically block 
access to the promoter, activators which help polymerase "see" 
appropriate sequences and stimulate gene expression, to small 
effector molecules which bind directly to the polymerase to modify 
its affinity for the promoter. Some of these factors will be 
considered in more detail below. 
(b) The positive regulation of gene expression 
Protein activators are the best studied of the factors known to 
stimulate gene expression. There are a number of models which go 
some way towards explaining the role which activators play in the 
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initiation of transcription. One such model is based on the 
observation that many activators are DNA binding proteins which bind 
to sites located near or upstream of the -35 region. It has been 
suggested that such interactions may cause a local bending in the 
DNA, making it more visible to polymerase. Whilst this cannot 
easily be ruled out, there is as yet no direct evidence for the 
involvement of DNA conformation . It has been suggested that 
CAP bends lac. promoter DNA and that this alteration in the helical 
conformation influences RNA polymerase-promoter interactions (Wu and 
Crothers, 1984). 	However, the authors were not able to show that 
activation was dependent on the DNA being bent. 	A much larger 
volume 	of evidence favours a direct protein-protein interaction 
between the activator and the RNA polymerase. In fact, it is quite 
possible for the polymerase and the activator to be a single unit. 
An alternative sigma sub-unit (e.g. the o-32 sub-unit of RNA 
polymerase which is known to involved in the heatshock response) may 
complete the holoenzyme structure and alter its recognition 
specificity quite dramatically. 
In vitro studies (in which promoter strengths were assayed in the 
presence or the absence of the activator) have demonstrated that 
activators can Increase promoter function over a wide range. For 
example, Xci protein activates XP r , fl approximately 10 fold (Hawley 
and McClure, 1983) whereas cii activates 3 promoters on 
bacteriophage lambda in excess of 100 fold (Shih and Gussin, 1984). 
CAP can activate by up to 50 times, depending on the promoter and on 
the cAMP concentration (Malan g.t. O.L 1984). This form of regulation 
superimposed upon the contribution of DNA promoter strength clearly 
allows great scope for the modulation of promoter activity. 
DNA methylation has been implicated in both the positive and 
negative control of gene expression in E.coli. E.coli contains two 
methylases encoded by the dam (DNA adenosine rnethylase) and dcm (DNA 
cytosine methylase) genes. Dam recognises the sequence GATC (Geler 
and Modrich, 	1979) and transfers a methyl group from 5- 
adenosylmethionine to the N-6 position on adenine residues. 	Dcm 
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methylates the internal cytosine residue of CCAGG and CCTGG 
sequences. The expression of several promoters Including trpR and 
the Tn5 transposase promoter have been found to be negatively 
regulated by methylation. It is particularly notable that the 
E.cplI minimal oriC has no less than 11 GATC sites, which require 
to be methylated f or oriC function (Hughes j J., 1984; Messer et 
j, 1985). It Is possible that DNA methylation links the regulation 
of gene expression to replication, since DNA becomes transiently 
hemi-methylated after passage of the replication forks. TnlO trans-
position is increased 10 to 300 tImes in a - host (Roberts et 
1985). 	This effect Is the transposons response to the loss of 
methylation at 2 sites: one site is within the inverted repeat at 
the end of IS10, the other is in the promoter P 1 , which directs 
transcription of the transposese. 	In wild-type cells 1510 
transposition is coupled to normal chromosoTnal DNA replication. 
Passage of the replication forks over the 4= sites generates 
unmethylated sequences and activates the transposon by increasing 
transcription of the transposase gene from PXN and by enhancing the 
binding of transposase to the end of 1510 (Kieckner, 1986). In 
strains, transposition continues unconstrained because of the hosts 
inability to restore order by methylating the GATC sites. 
(C) The negative regulation of gene expression 
The ability of a molecule to act positively In the regulation of 
transcription does not prohibit it from also functioning as a 
repressor. More striking perhaps is the observation that a number 
of proteins, Including ci and CAP, can play a fully bifunctional 
role in controlling gene expression. This may simply result from 
the molecule binding in a position which interferes with the access 
of polymerase to the promoter. Repressors recognise and bind 
specific operator sequences which may lie at various positions 
relative to the promoter. Binding effectively turns off specific 
genes by preventing initiation of transcription, XcI repressor 
regulates the rate of open complex formation at P R when it binds 
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since the operator sequence actually overlaps the promoter (Hawley 
j al, 1985). 
(d) The effect of promoter location 
The proximity of promoters to one another has been shown to be an 
important determinant of promoter function and has been investigated 
in several systems both in vivo and in vitro. The presence of 
internal promoters also appears to be quite common In large 
bacterial operons. What role might they play in these systems? 
In considering this, McLure (1985) describes 3 possible scenarios, 
depending on the location and orientation of promoters with respect 
to one another. The following examples are particularly relevant 
because the cell division gene cluster ("Q A Z V") contains several 
instances of genes having multiple, tandemly oriented promoters (to 
add to the intrigue each of these promoters lies within the open 
reading frame of the neighbouring gene). What might the pattern of 
transcription be within this gene cluster? 
The three alternative promoter arrangements described by McLure 
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(i) Tandem promoters where the promoters are oriented in the same 
direction and transcribe the same gene or operon. 
The competition between promoters for binding of polymerase (and 
ultimately the level of expression of the gene) will depend upon the 
relative affinities of the promoters for the enzyme and upon the 
rate at which the open complex is formed. A promoter with a high 
affinity for RNA polymerase will scavenge the polymerase more 
effectively and presumably initiate transcription more frequently. 
If, however, the rate of open complex formation of this high 
affinity promoter is poor and the frequency of abortive initiations 
high, it is possible that polymerase molecules still in loose 
association with the DNA may slide along the DNA and enhance 
transcription from a second, downstream promoter (Adhya and 
Gottesman, 1982). The rRNA operons show how this arrangement may be 
of benefit to the cell. Each of the seven rRNA operons contains two 
tandem promoters (P1 and P2) which are separated by about 120bp. 
The presence of the two promoters initially led to the speculation 
that they were differentially regulated. It has since been shown 
that this arrangement allows the cell to manipulate the rate of 
transcription of rRNA protein in response to different growth 
conditions (Glaser j al, 1983). Experiments with an rrn. promoter-
terminator fusion plesmid indicated that P1 is subject to growth 
rate control through ppGpp. Under normal growth conditions, when 
RNA polymerase is freely available, transcription is predominantly 
from Pt. Due to the arrangement of the promoters, transcriptional 
starts from the strong P1 promoter could readily interfere with 
transcription from P2 and so ensure maximal rRNA synthesis. Under 
conditions where P1 is maximally repressed, it has been suggested 
that transcription would be expected to initiate at P2 to support 
basal levels of rRNA synthesis. 
In contrast, Adhya and Gottessian (1982) demonstrated for phage X 
that promoters may be "occluded" by upstream transcription from the 
strong PL promoter. Cerretti et . j (1983), by making a detailed 
analysis of transcripts originating from within the gpc and a 
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r-protein transcriptional units, have shown that the majority of 
operon transcripts are the result of initiations from the strong 
upstream 	operon promoter (no transcriptional terminators have 
been found in the intervening region). A similar situation had been 
noted earlier (Post j  al, 1979) In the sequence between the 
ribosomal Lii operon and the adjacent 0 operon. 	In exponentially 
growing cells, 0 promoter activity is suppressed by readthrough from 
the upstream Lii promoter. Both the a and a promoters function as 
strong promoters in the absence of upstream initiation. 
(ii' 	If the two promoters are sufficiently close to one another 
then RNA polytnerase can Itself act as a repressor by binding 
preferentially to one of the sequences. An example of this type of 
regulation is found in the XcI-.r.2 dual repressor system. The lysis 
state is stably maintained by the binding of ci repressor to the 2 
independent operators, 0,.. and OR (Johnson et flj., 1979). In the 
uninduced state RNA polymerase can bind only to P a ,.,, resulting in 
the synthesis of repressor protein. Under these conditions the 
repressor binding at OR prevents access of polymerase to P R and 
effectively prevents the expression of c.r.o.  and the other rightward 
early genes. In fact, the repressor also acts as an autogenous 
regulator of its own synthesis because polymerase can only bind to 
Pa,., when repressor is bound at °R It is only when the repressor is 
inactivated (or when the phage carries a mutation in ci) that RNA 
has free access to bind P R and FL and cro can be expressed. A 
similar genetic organisation and function can be seen to function in 
the P22 pANT/pMNT system (Sauer et MI, 1983). 
Divergently oriented promoters in which RNA polymerases bind to 
a common central region to initiate transcription into separate 
genes or operons. 
(iii) Convergent promoters. In this situation polyrnerase molecules 
transcribe towards one another on each strand, across a common 
interval. 
- 31 - 
A single example may be enough to demonstrate the jj. vivo 
significance of 	 (iii) and the range of controls which 
may operate In a single system. 	The ends of the TnlO element are 
inverted repeats of the insertion sequence IS10 (they are designated 
IS1OR and IS10L). The transposase-coding region extends the entire 
length of the element and encodes all the functions required for 
normal TnlO transposition. In addition, IS1OR (in contrast to IS1OL) 
can also transpose independently. IS1OR encodes 3 promoters, pIN, 
pO(JT and pill. Their positions are shown in Figure 1.6, below. 
Transcription of the transposase gene in vivo, is initiated from the 
weak promoter, pIN. A second, strong promoter (pOUT) is located 
just inside of pIN. It directs transcription outwards, in the 
opposite direction towards the end of the element. The transcripts 
directed by piN and pOUT are overlapping and complementary for the 
intervening 36bps (Simons et.j, 1983). 
9300bp 	 I 
	
Islo 	 Islo 
1 	 I 
L 	 let 1' 	 R 
I 	 I 
out 
Transposase 	I 
1329bp 	 0 
Fig. 1.6 
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Transcription from pIN is regulated in 3 separate ways. Firstly, 
transcription is initiated at pIN relatively infrequently, pIN binds 
polyinerase well, but has a low rate of open complex formation 
(Simons et al, 1983); secondly, effective transcription is reduced 
even further (by 5 to 10 fold) because of interference in cis by the 
strong opposing promoter, pOUT. pIN and pOUT do not interact during 
formation of the open complex so polymerase binding to one does not 
exclude the activity of the other. Moreover, pOUT (when present in 
high copy) encodes a trans-acting negative regulator which inhibits 
transposase expression at the translational level. This is a 
particularly well-characterised example of regulation by antisense 
InRNA. By constructing gene fusions in which portions of the IS1O 
element were fused to lacZ, Simons and Kleckner (1983) were able to 
show that message produced from pOUT binds to the complementary RNA 
transcripts initiated from pIN. Translation of RNA-IN is neatly 
inhibited by the sequestering of its ATG start codon within the 
region of complementarity. Finally, transcription from pIN is 
inhibited a further 10-fold by DNA aderiine xnethylation (discussed 
above). 
1.6.2 Control at the level of translation 
The preceding sections have been heavily biased towards the 
transcriptional regulation of prokaryotic gene expression, yet 
transcription is only the first step in the process by which the 
information encoded in the DNA is finally assembled as newly 
synthesized protein. Control can, of course also be exerted at any 
of the post-transcriptional stages. The rate at which any given 
protein is synthesized is dependent not only on the level of the 
corresponding mRNA, but also on the efficiency of its translation. 
The instability of bacterial rnRNA Is striking, the average half-life 
is around 1.3 minutes (MLure, 1985). Transcription and translation 
are closely coupled and degradation of the message swiftly follows 
its translation (in some cases the 5' end of the message may have 
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started to decay before the 3' end has been synthesized. How can the 
large differences in the rate at which mRNA species are translated 
and degraded be accounted for? Secondary structures within mRNAs 
are likely to play and important role in determining their relative 
stabilities. The formation of hairpin loops in the RNA can interrupt 
the elongation mode by causing the polymerase to pause and in 
several cases the secondary structures have also been shown to 
diminish translation. Hall et. al. 1982 showed that two point 
mutations in the lamB gene (the first, 701, was located 5' to the 
Shine Dalgarno sequence, the other, 708, was in the sixth codon of 
the lamB gene) each reduced transLc.-tion initiation by favouring 
the formation of a hairpin structure which made the SD domain 
inaccessible to ribosomes. As predicted, translation initiation was 
restored to wild-type levels in a 701-708 double mutant which once 
again allowed free access of the ribosomes to the SD sequence. 
Should secondary structure prove to be a common feature in 
determining mRNA stabilities it may account to some extent for the 
large number of inverted repeats found in bacterial messages. Two 
of the pairs of inverted repeats within the ftsQ and ftsh ORFs are 
particularly interesting. A comparison of these sequences, which 
surround the P, and PZ promoter consensus sequences, shows that 
there is a considerable degree of homology between them: of the 13 
bases surrounding the centre of the symmetry, 11 are identical 
(Robinson gj al, 1984), Figure 4. Whether these sequences may 
Influence the stability of the message or whether perhaps, the 
inverted repeats are recognised as the binding site of some 
regulatory molecule remains to be determined. However, it is 
evident from the preceding paragraphs that they, also, have the 
potential to function in the regulation of the division genes within 
which they are located. An excellent review of rnRNA processing and 
degradation In the control of gene expression is given by Higgins 
and Smith (1986). 
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Figure 1.7 The inverted repeat sequences surrounding the 
PA2 and 
P73 promoters are aligned to show the degree of similarity between 
the two sequences. Exact matches are shown with a bold line. 
1.6.3 Control through the coupling of gene expression 
Co—ordination of expression of dAl, ftsQ and ftsA is at least 
suggested by the very close proximity of their open reading frames. 
Thus, ddl is separated from ftsQ by only one base pair, while the 
termination codon of Lt overlaps the start codon of ftsA by 2bp. 
It seems likely that the division genes are cotranscribed into 
polycistronic mRNA and, moreover, that the three genes are also 
translationally coupled. 
The translational coupling of genes, where efficient translation of 
a promoter distal gene Is dependent upon the complete translation of 
the preceding gene, expressed as a single mRNA has now been 
described f or a number of operons (Oppenheim and Yanof sky, 1980; 
Schlumperll et al, 1982; Baughman and Nomura, 1983). It was first 
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observed in the tryptophan operon of E.coli (Oppenheim and Yanof sky, 
1980). The full length polycistronic mRNA (which is 
approximately 6800 nucleotides long) encodes the five jtR . structural 
genes trpE. trpD, trpC, trpB, and trpA. Two strong instances of 
translational coupling have been found, between trpE-trpD and trp8-
trpA (Askoy j al, 1964; Das and Yanof sky, 1984). Nonsense 
mutations in trpE are ten times more polar on the adjacent 
downstream gene trpD than on the three remaining distal genes. It 
has been established that this is due to the inefficient translation 
of trpD mRNA resulting from the inability to translate the distal 
segment of trpE mRNA. A weaker coupling between trpD-trpC has also 
been found, but translation of trpC and trpB is not coupled (Askoy 
1984; Oppenheim and Yanof sky, 1980). 
Translational coupling occurs in functionally wide-ranging operons: 
f or instance, bacteriophage lambda has several gene pairs with 
overlapping stop and start codons (Sanger @t . , 1982; Davis, 1980); 
the two cistrons of the Lii ribosomal protein operon are normally 
translationally coupled such that the synthesis of the downstream Li 
operons is dependent upon translation of the proximal Lii cistron 
(Baughman and Nomura, 1983 and 1984). In the gAl operon, the gaiT 
(transferase) termination codon is separated by only three 
nucleotides from the galK initiation codon. The introduction of 
specific frarneshift and chain terminating mutations into the gaiT 
coding region had little effect on galK transcription but reduced 
galK translation efficiency by over 60% (Schiumperli et g_kl, 1982). 
The lysis gene (L gene) of phage MS2 overlaps with the coat gene in 
the +1 reading frame. The lysis cistrori does not possess a unique 
ribosome binding site, but its translation is coupled to that of the 
coat gene. fMw%  coat gene preceding the lysis 
cistron terminate protein synthesis a few codons before the L gene. 
Termination is then followed by initiation at the start codon of the 
lysis gene (Kastel8in et. j, 1982). 
Why have these genes evolved in their present positions and how does 
such an arrangement allow control of the level and perhaps the 
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timing of their expression? Could this in some way relate to the 
arrangement of the division genes? 
In the case of viruses, where the size of the genome is dictated by 
the size of the virion, we can readily appreciate that gene overlap 
is not only a very efficient way, but probably the only way of 
storing extra information in a limited amount of RNA or DNA. The 
situation is slightly different in bacterial or indeed mitochondrial 
genomes in which a significant part of the available coding capacity 
is already redundant. In these systems the presence of overlapping 
genes may serve to "maximise the genetic information" at a minimum 
replication cost (Berkhout jj.  1, 1985). The other main suggestion 
of its functional significance is that such coupling allows (or 
demands) the co-ordination of expression of two genes to an extent 
which would be practically impossible if the genes were separate. 
Das and Yanofsky (1984) suggest that it ensures the balanced 
production of polypeptides which are components of a single enzyme 
complex (c.f. the Jj:R proteins). 
Although only a few studies have been made (Oppenheim and Yanof sky, 
1980; Schlumperli, 1982) it has been speculated that the proximity 
of the stop/start signals also plays an important regulatory role in 
operon expression. In general, genes whose translation is 
positively coupled (in which protein synthesis at the neighbouring 
distal cistron is enhanced) show either no, or else only a small 
region of overlap between the genes (Berkhout et 41, 1985). The 
exact mechanism by which this coupling is achieved remains obscure. 
One possibility is that the ribosome (or the 30S subunit) which 
terminates translation of the upstream gene diffuses momentarily on 
the mRNA, finds a place to settle at the next start site and begins 
translation once again. 
The cell division genes are required sequentially throughout the 
process of division, and we know that the translational reading 
frames are arranged within close proximity of one another. 
Translational coupling might provide the rough control by which the 
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cell can ensure the co-ordinate production of basal levels of these 
genes, with the intern1 promoters acting as boosters to increase 
the levels of individual genes as they are required. This might 
account for the levels of the various products of the cluster being 
produced in non-equimolar amounts and also go some way to explaining 
why the genes may be cloned separately and yet still allow cell 
division to occur (although perhaps not quite so well). It may be 
that the finely balanced processes which lead to cell division 
require such a heirarchy of control. 
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CHAPTER 2 
Mteria1s and Methods 
2. 1 Standard solutions 
40% Acrylamide: 381 w:v acrylamide, 2% w:v bisacrylamide. 
EDTA: 0.5M EDTA; pH8.0 
Ethidium bromide solution: 10mg/mi ethidium bromide in I.E. 
Formamide loading buffer: 95% v:v delonised forrnamide, 10mM Na 2EDTA, 
0.1% w:v xylene cyanol, 0.1% bromophenol blue. 
IPTG: 20mg/mi IPTG in dH 2O. 	The solution was filter sterilised 
through a 0.45m Acrodisk filter and stored at -20C. IPTG was used 
at a working concentration of 50g/m1. 
RNase A: The solution was made up at a concentration of 5mg/mi, 
heated to 100C for 15 minutes and when cool aliquoted into small 
volumes and stored at -20C. 
Saline: 0.9% w:v NaCl, 0.08% w:v sodium azide. 
20xSSC: 3M NaCl, 0.3M sodium citrate; to pH7.0 with NaOH 
20xSSPE: 3.6M NaCl, 0.2M NaH 2P0, 20mM EDTA; to pH7.4 with conc NaOH 
5xTAE loading buffer: lx TAE buffer, pH8.2, 10% v:v glycerol, 0.02% 
w:v xylene cyanol FF, 0.02% bromophenol blue. 
1xTE: 10mM Tris-HC1, 1mM EDTA; to pH8.0 with conc MCi. 
10xTAE: 0.4M Iris base, 0.2M CHC00Na, 10mMEDTA; to pH8.2 with 
glacial acetic acid. 
1OxIBE: 0.9M Tris base. 0.89M boric acid, 002M EDTA; pH8.3 
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TM: 100mM Tris-HC1, pH8.5; 50mM MgC1 2 
X-Gal: 20mg/rnl in dimethylformamide, stored in a foil covered 
container at -20C. X-gal was used at a working concentration of 
40g/ml. 
2.2 Growth Media 
All quantities listed below, except where otherwise stated, refer to 
the preparation of 1 litre of solution. 
L-broth contained: log Difco Bacto Tryptone, 5g Bacto Yeast Extract, 
log NaCl; adjusted to pH 7.5 with NaOH. L-agar contained 15g Difco 
agar in addition to the above. 
Nutrient broth contained: 25g Oxoid Nutrient Broth No.2, 5g NaCl, 
Oxoid nutrient ager contained, in addition, 12.5g Davis New Zealand 
agar. 
BBL top agar contained: lOg Baltimore Biological Laboratories 
Trypticase, 5g NaCl, 6.5g Difco agar. 
BBL bottom agar: was prepared as for BBL top, but contained log 
Difco agar. 
Spizizen minimal medium contained: 2g (NH. I )SO4, 14g K2HPO4.7H20, 6g 
KH2PO4 , ig tn-sodium citrate dihydrate, 0.2g MgSO d .7H20. Spizizen 
minimal agar had, In addition, 15g Dlfco agar. 
Bacterial Buffer: 3g XH 2PO4 , 7g NaHP0, 4g NaCl, 0.2g MgSO 4 .7H20. 
Phage buffer: 3g KH2PO4 , 7g Na2HPO4 , 5g NaCl, lQml 0. IM MgS0,., lOmi 
0.0IM CaC1 2 , ImI 1% w:v gelatin. 
Where required, supplements were added to the following final 
concentrations: 
sugars or glycerol 	 0.2% (w:v) 
amino acids 	 20 .tg/rnl 
blotin and vitamin B 	 2 p.g/ml 
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Antibiotics were added to the media at the following final 
concentrations: 
Ainpicillin 
Chi orampheni col 
Kanamyc in 











2.3 Bacterial and Phege Strains 
The E.coli K-12 strains used in this study are listed in Table 2.1, 
the phage strains used are listed in Table 2.2. 
2.4 Plasmid Vectors 
The plasmids used in this study are listed in Table 2.3 
2.5 Growth Conditions 
Oxoid nutrient broth No.2 was used routinely except where otherwise 
indicated. Cultures were grown with good aeration at 37C (or 30C 
for temperature sensitive strains) in a New Brunswick rotary shaker. 
Increase in cell mass was followed by measuring the optical density 
of cultures at a wavelength of 540nm using a Perkin-Elmer spectro-
photometer. For determination of cell number and cell size, 0.2inl 
of culture was added to an equal volume of 20% formalin (passed 
through a 0.45p.m Acrodisk filter). Cells were diluted into Bmls of 
filtered saline solution containing 0.1% sodium azide and counted 
with a Coulter electronic particle counter (model ZB) fitted with a 
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Table 2.1 Bacterial Strains 
Strain Genotype Source 
CA159 Hfr lacI. 	1acZ 	lact 	Bio J.G. Scaife 
C600 galK .th.. leu 	thi 	galI( ]. ton.A R. S. Hayward 
glnV(supE) 
JM101 P.C& 	thi rpsL endA sbcBlI5 supE 
F' (traD36 1acI 	A 	(lecZ) 	M15 proAB) Lab stock 
Ken9O ara. 	ç. galK galE 	leu U. 	hia 
ftsZ84(ts) K.J. Begg 
MutD dnaQ N.E. Murray 
MV2 j.(am) Alec 	gAjU42jj(am) galE 
Irp(am) leu jjy.. his low thy requirer 
tyrl(supFA81.ts) K.I. Begg 
NM522 b45 derivative of 71-18 (A -pr.Q.) 
F'(lacZ M15 LacI) N.E. Murray 
0V16 r..(am) 	.125(am) 	jU42K.(am) galE deo 
j.(am) leu jJa bj. low thy requirer 
tyrl(supFA81.ts) 	ftsA16(am) K.J. Begg 
SUE16 MV2 made ftsA16(am) TnlO This study 
SF4500 F 	proA purB Lbi. lia mtl NXI galK 
lacY supE rpsL pbpA(ts) K.I. Begg 
SF5211 F- Lj§ proA pur8 thi. U.p. 	yJ,.. galK 
lacY supE rpsL. rodA(ts) K.I. Begg 
TC35 ),... proA bi... argE lac g1 are XY-1 
j thi tqD:I jjK7 rpsL thy. ftsE(ts) K.J. Begg 
TOE1 thyA ergE J,.. = p.. the. t hi ftsQl(ts) K.J. Begg 
TOE13 thyA argE leu. his p.q thr. thL ftsA13(ts) K.J. Begg 
W3110 F- mv: 	rrnD-rrnEl, 	(sup°) I.R. Oliver 
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Table 2.2 Phage Strains 
Phage 	 Comment 
X vir 
XIFL100 	 pftsA :: lacZ' 
)JFL100j - 	 as above, but j - 






Table 2.3 Plasmids 
Plasmid Markers Size 	(bp) 
pBR325 Ap Tc Cm 5996 
pDK340 Ap galK 5300 
pHR10 Ap galK 3950 
pNS27 Ap galK 6100 
pNS28 Ap gaiK 5700 
pNS37 Ap galK 4700 
Ap galK 4310 
pTZ18R Ap lacZ 2871 
pSD20 Ap 5160 
pSD30 Ap 5045 
pSD32 Ap 4911 
pSD34 Ap 4800 
pSD290 Ap galK 7700 
pSD910 Ap - 
pSZ24 Ap ftsA 5156 
pSZ26 Ap ftsA 5142 
pSZ28 Ap 5032 
pZAQ Tc 7990 
Reference/Source 
Lab stock 
Robinson . j, 1984 
Wright g.t al, 1988 
Robinson . L 1984 
Robinson 	j, 1984 
Robinson gt. J..., 1984 











Ward & Lutkenhaus, 1985 
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30gm orifice. The median cell volume was determined from a Coulter 
Chanrieliser which was attached to the counter. 
2.6 Bacterial Techniques 
2.6.1 Preparation of Competent Cells and Transformation of Plasmid DNA 
A fresh overnight culture was diluted 50-fold Into L-broth and grown 
at the permissive temperature to an A540 of 0.55 to 0.65. Cells were 
chilled on ice for 20 mInutes before being harvested (6 000rpm for 10 
minutes at room temperature) and resuspended in 0.5 volumes of ice-
cold MgC12. The cells were immediately repelleted and resuspended in 
0. 15 volumes of chilled CaC1 2 . After 30 minutes on ice, the cells 
were ready for transformation. 
For transformation, the DNA solution was diluted to 100 p1 with a 
mixture of SSC/CaC1 2 (1xSSC : 0. 1M CaC1 2; 3 : 4) and added to 200l of 
competent cells. The mixture was incubated on ice for a further 30 
minutes then heat shocked at 42C for 2 minutes. The cells were 
returned to ice for a short period. 80041 of L-broth was added and 
the tubes incubated at either 37C or 30C f or 1 hour to allow 
expression of antibiotic resistance. 1001 aliquots of the 
transformation mix were spread on selective plates and incubated at 
30C or 37C overnight. 
If the cells were being prepared for subsequent M13 transfection then 
the procedure was followed as above until the heat shock had been 
completed. Samples were then added to a large test tube containing 
400j.l of log phase IM10I, 30l X-gal (20mg/mi In dimethyl formamide), 
30,Ll IPTG (20mg/mi in dH20) and 3mls of molten BBL top agar. The 
mixture was carefully overlaid onto BBL minimal base plates and 
allowed to solidify before being Incubated at 37C overnight. The 
addition of IPTG and X-gal provides a ready screen for recombinant 
phage, which form whIte plaques, and can easily be differentiated from 
the vector DNA, which should give rise to blue plaques. This procedure 
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gives good frequencies of transformation with both plasmid and M13 RF 
DNA, usually giving 10 - 106 transformants per microgram of DNA. 
2.6.2 Hfr Matings 
A fresh overnight culture of the Hfr donor was diluted into prewarmed 
broth and incubated without shaking until it had grown to an A540 of 
0.3 to 0.4. Mating was started by mixing 5001 of the donor with an 
equal volume of similarly prepared F - recipient, and allowing the 
incubation to proceed without agitation. Samples were removed at 
timed intervals, vortexed vigorously to disrupt mating pairs and 
dilutions spread onto selective minimal plates. 
2.6.3 -galactosidase Assays, Miller (1972) 
The method used is a modification of that described by Miller 1 1972. 
Cultures were grown into early log phase whilst monitoring the 
increase in both cell mass and cell number. 	When the cells had 
reached steady state growth, i.e. when cell mass increased 
exponentially, without fluctuation In the median cell volume, samples 
were removed for assay. linl samples of culture were withdrawn and the 
cell density recorded. At the same time, 200j.&l of culture were added 
to the assay medium (Z-buffer: 0.06M Na 2 HPO4 .7H20; 0.04M NaH2POd .H20; 
0.01M KC1; 0.001M MgS0.7H 20; 0.05M -mercaptoethenol. Adjusted to 
pH7.0), and an additional 200).Ll of culture was fixed with an equal 
volume of 20% formalin. A drop of 0. 1% SDS and 2 drops of chloroform 
were added to the Z-buffer mixture and the tubes vortexed. At this 
stage the solutions could be assayed for enzyme activity or, 
alternatively, stored at 0C overnight. 
Samples were assayed for -galactosidase activity in the following 
way: with the tubes on ice, 200l of ONPG (4mg/nil) was added and the 
tubes vortexed briefly. The reaction was started by transferring them 
to a 37C waterbath, the incubation period was timed from this point. 
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The reaction was allowed to continue until a pale yellow colour had 
developed in the tubes. Addition of iN Na,COa raises the pH and 
effectively stops further reaction. The period of time for which the 
tubes had been Incubated was noted. Finally, the optical density of 
the reaction mixture was measured at both 420 and 550nm using a 1cm 
light path. The 550nm reading is an internal control which is used to 
correct for the effects of light scattering from cell debris in the 
420nm reading. The absorbance derived solely from the o-nitrophenol 
can be readily calculated from the following equation: 
8-galactosidase units = 1000 x A420 - 1.75 * A550 
t x v x A540 
where 
A420 and A550 are from the reaction mixture 
A540 is a measure of cell density 
t is the time of the reaction, in minutes 
v is the volume of culture assayed, in ml 
2.7 Phage Techniques 
2.7.1 P1 Plate Lysates 
Since P1 requires Ca 	ions f or efficient adsorption, the media used 
for phage work was supplemented with 1mM CaC1 
A fresh overnight culture of a suitable host strain was diluted 10-
fold and grown to mid log phase (approximately 2-5 x 108 cells/mi). 
The phage stock was serially diluted and 100j.d aliquots of each 
dilution added to 300.d of culture. After 2 to 3 minutes, to allow 
phage adsorption, 3mis of BBL top agar were added and the mixture 
poured onto fresh BBL bottom agarplates. After overnight incubation 
the plate giving closely spaced plaques was harvested. The top agar 
was transferred into a sterile Bijoux, 3m1 of phage buffer and 0.3ml 
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of chloroform were added. The mixture was vortexed and left at room 
temperature for 1 to 2 hours before the lysate was centrifuged and the 
supernatant recovered. It is important when preparing plate lysetes 
to Include a control plate to which no phage have been added. This 
not only gives a convenient measure of bacterial growth but checks the 
sterility of the solutions used. 
Once prepared, phage stocks were titrated by mixing 10041 aliquots of 
the serially diluted stock with an equal volume of a log phase 
indicator strain. 3rnls of molten top agar were added and the mixture 
poured onto fresh BBL plates. After overnight incubation the plaques 
could be scored and the phage titred. 
2.7.2 Pt Transduction 
The recipient strain was grown to stationary phase in nutrient broth 
supplemented with 1mM CaC1 21 pelleted and resuspended in 0. 1 volume of 
the supernatant (this is not necessary if the recipient is lysogenic 
for P1). 100l of the concentrated cell suspension was mixed with 
10041 of P1 (approximately 2 or 3 x 107 phage), and incubated at 37C 
f or 10 minutes. 500p.l of phage buffer were added and 100jl portions 
of the mixture plated onto selective media. Controls without added P1 
were made to estimate the frequency of spontaneous mutation to the 
selected phenotype. 
2.7.3 JV Induction of Lambda 
A fresh overnight culture of the ly'sogen was diluted Into L-broth 
supplemented with O.OIM MgSO and grown to an optical density of 0.5 
to 0.6 (2 - 3 x 108/ml). The cells were pelleted and resuspended in 
half the original volume of 10 2M MgSO4 . Cells were Irradiated in a 
9cm glass petri dish with 600 ergs/mm total UV, diluted 4 fold into 
prewarmed broth and incubated with shaking at 37C for a maximum of 4 
hours. Lysis should occur after 60 to 90 minutes. Chloroform was 
- 48 - 
added (imi/litre) and incubation continued for a further 15 minutes. 
The lysate was centrifuged and the supernatant harvested. Finally,the 
sterility of the lysate was checked and the pfu/ml calculated. 
2.7.4 Construction of Lambda Lysogens 
The strain to be lysogenised was grown to mid log phase and 2 - 3m1 of 
culture used to seed the surface of a fresh broth plate. Excess 
liquid was drawn off with a sterile pipette after a minute or two. 
When the plate had dried, phage were spotted onto its surface and it 
was incubated at the permissive temperature overnight. Fresh broth 
plates were then streaked from the areas of lysis and after incubation 
single colonies were purified and tested for lysogenisation. 
To test for lysogens, purified clones were cross-streaked against both 
the homo-immune phage and Xvir. A loopful each of the test phage and 
Xvir were streaked in parallel across an L-broth plate. Putative 
lysogens were then drawn at right angles across firstly the homo-
immune phage then the Xvir. Lysogens were selected as being those 
clones immune to superinfection by the test phage, but sensitive to 
the virulent phage. 
2.7.5 Transposon Mutagenesis with X1105: the Lambda Hop (Way et 
1964) 
The plasmid to be mutated was transformed into a suitable host (W3110 
was used; 1105::Tn9 carries an amber mutation in its replication 
genes and is therefore non-replicating only on non-suppressing hosts). 
Cells from a fresh overnight culture were reinoculated into fresh L-
broth containing 0.2% maltose and grown to an optical density of 0.5 
to 0.6 at 540nm. Cells were harvested and resuspended in 0.1 volumes 
of fresh maltose broth. Phage were added at an mol of 0.3, the 
mixture Incubated at room temperature for 30 minutes to allow phage 
adsorption, and for a further 90 minutes at 37C to allow for 
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transposition and expression of drug-resistance markers. 	100&l 
aliquots were then spread directly onto L-agar plates (containing 0.2% 
maltose) supplemented with 1.25mM sodium pyrophosphate, to inhibit the 
growth of replication proficient phages, and the appropriate 
antibiotics (ampicillin and kanamycin). Plates were incubated at 42C 
overnight. 
2,8 Gel Electrophoresis 
2.8.1 Horizontal Agarose Gels 
Of the two types of horizontal agarose gels commonly run, the mini-gel 
was particulary useful for quantifying DNA and as a rapid check to 
ensure DNA restriction digests had gone to completion. Mini-gels were 
routinely prepared from 30mls of solution. 1 (w:v) agarose gels were 
prepared by boiling the appropriate weight of agarose in 1xTAE buffer. 
The solution was allowed to cool before pouring into a 50x75rnm perspex 
casting deck and an 8-tooth slot former inserted. Once set, the slot-
former was carefully removed and the gel transferred, on a glass base 
plate, to the electrophoresis tank. The tank was filled with 
sufficient 1xTAE buffer to cover the gel by 2 to 3mm. Samples were 
mixed with 0.5 volumes of 5xTAE loading buffer and loaded into the gel 
slots. 
Mini-gels were routinely electrophoresed at 30v f or 2 to 3 hours or 
until the bromophenol blue dye front had reached the leading edge of 
the gel. The gel was removed from the tank and stained by gently 
shaking it in a tp.gIml solution of ethidium bromide for 30 minutes. 
Gels were destained for a further 30 minutes before the DNA bands were 
visualised with long wave (JV light. Photography was with Ilford HP5 
film using 10 to 15 seconds exposure, and made through a red filter. 
Alternatively, preparative sized midi-gels (l1x14x0.5cm) were run. If 
a large number of samples were being analysed it was useful to be able 
to insert an additional comb, effectively doubling the number of 
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clones which could be examined at one time. Midi-gels were prepared 
at agarose concentrations of between 0.7 to 2.0%, depending on the 
size of the fragment being analysed (Table 2.4). Gels were 
electrophoresed at 30v for the first 15 minutes to allow the samples 
to "run-in" then electrophoresed for 16 to 20 hours at 25v (or else at 
a 40v over the course of an afternoon). Midi-gels were stained and 
DNA bands visualised as described above. 
Table 2.4 Agarose Gels: effective range of separation for DNA 
Gel (%) 	 Linear DNA 
(No. of Base Pairs)* 
	
0,3 	 5 000 - 60 000 
0.6 1 000 - 20 000 
0.7 
	
800 - 10 000 
0.9 
	
500 - 7 000 
1.2 
	






100 - 3 000 
*From Maniatis gt J.., 1982 
Source: FOCUS (1985) 13.: 14 
2.8.2 Vertical Polyacrylemide Gel Electrophoresis 
(a) Denaturing polyacrylamide sequencing gels 
Sequencing gels were typically composed of 6 to 8% polyacrylamide, 
depending on the size of the DNA fragments being resolved (the number 
of bases being read from the primer). Table 2.5 describes the most 
commonly used gel formulations, suitable for the preparation of 
30x4Oczn (xO.4mm) sequencing gels (BRL S2 model). 
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Before the gel was poured, the glass plates were thoroughly cleaned, 
rinsed with dHO and the inner surfaces rinsed with ethanol. A 
sandwich was made of the plates, with 0.4mm side spacers creating the 
well into which the gel was to be cast. The plates were held firmly 
In position by sealing round the edges with masking tape. When the 
sandwich had been assembled, the gel could be prepared and poured. 
The preparation of a 6% polyacrylami.de gel is described below. 43g 
urea was dissolved in lOml 1OxTBE, 15m1 40% (w:v) acrylaxnide and 35m1 
dH0. 	When the urea was completely dissolved, imi 10% ammonium 
persuiphate was added and finally, 4541 TEMED. 	The solution was 
gently mixed (oxygen inhibits polymerisatlon of the gel) and a 50ml 
syringe used to inject the solution, in an even flow, between the 
glass plates 
The gel was poured until there was a reservoir of solution at the top 
edge of the plates. With the plates held at a slight angle the flat 
edge of a sharkstooth comb was inserted between the plates to a depth 
of 2 to 3mm. A sheet of Saran wrap was placed over the exposed gel 
solution and both sides and the top of the sandwich clamped so that 
the comb was acting as a spacer, preventing a layer of gel forming 
between the comb and the plate. 
When the gel had polymerised the clamps, Saran wrap and tape were 
removed and the comb carefully slid out. 	The comb was rinsed and 
reinserted with the teeth just touching the gel surface. 	The gel 
sandwich was then ready to be transferred into the sequencing 
apparatus. 
The plates were secured to the gel kit and the upper and lower 
reservoirs filled with 1xTBE. 	Gels were pre-electrophoresed for 30 
minutes before loading the samples. 	Immediately before loading 
samples, the wells of the gel were rinsed (with 1xTBE from the upper 
reservoir) to remove urea that had diffused Into the well. 2 to 31 
samples were loaded using a Duckbill tip on a Gilson micropipette, and 
electrophoresed at 1600v for 2 to 3 hours or until the tracking dye 
had run the required distance. 
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Table 2.5 Sequencing Gel Formulations for S2 Gels 
Component 	 5% Gel 	6% Gel 	8% Gel 
40% Acrylamide stock 12.5 ml 15 ml 20 ml 
Urea 43g 43g 43g 
10xTBE 10 ml 10 nil 10 ml 
H0 37.5 ml 35 ml 30 ml 
10%APS imi imi lml 
3541 TEMED were added immediately before pouring. 
Table 2.6 Sequencing Gel Formulations For 67. TranscrIption Gels 
Component 	 6% Gel 
40% Acrylamide stock 	 9 ml 
Urea 	 15.53 
1OxTEE 	 (' ML 
10% APS 	 0.35 ml 
1120 	 to 60 ml 
120l TEMED were added immediately before pouring. 
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The gel sandwich was disassembled and the gel fixed in 10% v:v glacial 
acetic acid for 10 minutes. The gel was transferred to blotting 
paper, dried and then autoradiographed at room temperature (without an 
intensifying screen) using Cronex (DuPont) X-ray film. Sequences 
could usually be read after 16-48 hours exposure. 
(b) Gels for resolving RNA fragments 
Polyacrylemide gels were also prepared and the components of the in 
vitro transcription reactions fractionated on them. 6% gels were 
prepared as described in Table 2.6 and cast between 20x45x0.5cm glass 
plates. The gels were prepared and poured as described above, but run 
at voltages of 1300-1600v for 1-2 hours. 
2.9 DNA Techniques 
2.9.1 Modified Birnboim preparation of small amounts of plasmid DNA 
(Birnboim and Doly, 1979) 
A small volume of culture was grown under appropriate selection, with 
shaking, overnight. 1.5ml of this culture was centrifuged in an 
Eppendorf microfuge for 1-2 minutes and the supernatant discarded. 
The pellet was resuspended in 0. Imi of lysis solution (25mM Tris-HC1, 
10mM EDTA, 50mM glucose (1% w:v); pH8.0) by vortexing and left on ice 
for 5 minutes. 2001.d of freshly prepared alkaline SDS (0.2M NaOH, 1% 
v:v SDS) was added and the tubes left on ice f or a further 5 minutes, 
inverting occasionally to mix. The suspension becomes viscous at this 
stage as the cell membranes are disrupted and the cells begin to lyse. 
After addition of 15041 of high salt solution (3M sodium acetate, 
pH5.0), the contents were thoroughly mixed and left on ice for 15 
minutes. The tubes were centrifuged (10 minutes 4C) to pellet cell 
debris and denatured chromosomal DNA released by the lysis procedure. 
The supernatant was transferred to a fresh eppendorf tube and 
extracted with one volume of a 1 : 1 (v:v) mixture of phenol 
chloroform. After a brief centrifugation to separate the phases, the 
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upper aqueous phase was recovered and extracted with a half volume of 
chloroform:isoamylalcohol (mixed in a ratio of 24:1). 	The solution 
was recentrifuged and the aqueous layer again recovered. 	Nucleic 
acids were precipitated by adding 0.1 volumes of 3M sodium acetate In 
2-3 volumes of ice-cold ethanol followed b 	incubating at either 
-70C for 15 minutes or else overnight at -20C. 	The plasmid was 
recovered, washed in 70% ethanol to remove residual salt and vacuum 
desslcated. The DNA was resuspended in 50pJ of TE buffer (10mM 
Tris/HC1 pH8.0; 1mM EDTA) containing 10g/nil ribonuclease A; 1041 
volumes were routinely used per restriction digest. 
2.9.2 Large scale preparation of plasmid DNA 
500m1 of nutrient broth containing the appropriate antibiotic was 
inoculated with a single colony of the plasmid-carrying strain and the 
culture grown overnight. For plasmlds which could be chloramphenico.l 
amplified, the antibiotic (25mg/mi) was added when the culture had 
reached an A540 of 0.6 to 0.7, then the culture was incubated 
overnight. The flasks were chilled on Ice f or 15 minutes before the 
culture was harvested by centrifugation (4 500rpm for 10 minutes at 
4C). The supernatant was discarded, the cells washed with 200mls of 
chilled TE and recentrifuged. The pellet was resuspended in 5mls 
Tris-sucrose buffer (50mM Tris-HC1 (pH8.0), 257. (w:v) sucrose). At 
this point the extract was transferred into a 30m1 Corex tube, Imi of 
a 20 mg/mi lysozyme solution added and the tubes left on ice for 5 
minutes. The contents were mixed by gently agitating the tube. imi 
of 0.5M EDTA (pH8.0), followed by 0.8m1 of RNaseA was added, the 
solution mixed and left on ice for a further 5 minutes. Lysis was 
completed by addition of 9ml of Triton lysis mix (50mM Tris-HC1 
(pH8.0), 63mM EDTA, 0.1% (w:v) Triton X-100). The contents of the 
tubes were thoroughly mixed. 
The partially cleared lysate was centrifuged in an SS-34 rotor at 
15 000rpm for 30 minutes at 4C. This effectIvely pellets denatured 
protein and chromosomal DNA which may have been released during the 
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lysis procedure. 	The supernatant was carefully decanted. Caesium 
chloride was added to a density of 1.55g/m]. and ethidium bromide to 
200g/ml. Plasmid DNA was separated by isopycnic centrifugetion in a 
Beckman 5011 fixed angle rotor at 38 000rpm for 60h at 18C. The 
supercoiled plasmid DNA, which forms a band below the linear 
(chromosomal) DNA, was recovered by piercing the tube and withdrawing 
the contents into a syringe. The DNA was centrifuged through caesium 
a second time, in a TV 865B vertical rotor (35 000rpm for 36h at 
18C). Plasmid was recovered as before. Ethidium bromide was removed 
by repeated extraction of the DNA solution with isopropanol saturated 
with CsC1, and the CsC1 eliminated by dialysis against 3x21 of IxTE 
buffer. The concentration and purity of the DNA were calculated from 
the absorbance of the solution at optical densities of 260 and 280nm. 
2.9.3 Restriction endonuclease digestion of DNA 
Table 2.7 lists the restriction endonucleases used in this work. lOx 
restriction buffers were prepared according to the manufacturers 
instructions, except in cases where one of four "Universal" buffers 
could be used. These buffers comprised: 
Uni 	: Iris-MCi, 	pW7.5 0.20M 
NaC1 0.50M 
MgCl, 0.06M 
BSA 0. 1% 
(-mercaptoethanol 0. 1OM)* 
Un2 : 	Iris-acetate, 	pH7.9 0.33M 
CH3COOK 0.66M 
CH 3COOMg 0.10M 
BSA 0. 1% 
(-mercaptoethanol 0. IOM)* 
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.Q.R1 	Tris-HC1, pH7.5 	1.00M 
NaCl 	 0.50M 
M8C1 2 	 0.06M 
BSA 	 0. 1% 
HI/jI Tris-f{Cl, pH8.0 	 0.01M 
NaC1 	 1.50M 
M9C1 2 	 0.06M 
BSA 	 0. 1 
(-mercaptoethanol 	 0. IM)* 
* -mercaptoethenol was added to the lOx buffer solution just before 
use. 
Restriction digests were normally incubated at 37C for 1 hour using a 
3-f old excess of enzyme per microgram of DNA being cut. aMI digests 
were incubated at 30C. Reactions were terminated either by heating 
at 70C for 10 minutes or, if further manipulations were to be carried 
out, by phenol extraction. 
2.9.4 Ligation of DNA 
For ligation of DNA fragments with cohesive ends, 20-30ng of DNA would 
be mixed with 0.1 volume of lOx ligase buffer (Table 2.8), 8 
Weiss units of 14 DNA ligase and water to a final volume of 101. 
Ligations were left at 12C overnight. If two DNA molecules were 
being encouraged to ligate then the reaction mix was prepared with a 
2-3 molar excess of Insert to target DNA, and the volume kept as small 
as possible. 
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Table 2.7 	RestrIction Endonucleases and Buffer Conditions 
Restriction Recognition Reaction 
Endonuclease Origin Sequence Buffer 
co 
AccI Acinetobacter calcoaceticus GT.ATaAC (JnI 
AvaI Anabaene variabilis CVPyCGPu*G (JnI 
88MHI Bacillus amvloliquefaciens GYGATCAC B/S 
jI Bacillus globigii GCCNANNN'NGOC FQoRl 
1II Bacillus globigil AVGATCAT (JnII 
cR1 Escherlchia coil RY13 GAATTC R1 
j.dIII Haeniophilus influenza Rd AVAGCTAT Ilnil 
jjRnI Kiebsiella pneumonlae 0K8 Gi.GTACVC UnI 
NaeI Nocardia aerocolonigenes GCCYGGC Unli 
NarI Nocardia argentinensis GGVCGACC Unli 
Nrui Nocardia rubra TCGICGA B/S 
Psti Frovidencie stuarti C&TGCAVG B/S 
2111 Streptomyces albus G GVTCGAAC B/S 
cig Streptornyces caespitosus AGTYACT B/S 
Uhi Streptomyces phaeochromogenes 	GACATGYC B/S 
XbaI Xanthomonas badril T?CTAGAA B/S 
The sequence of the complementary strand is shown in the 5' to 3 
direction and the point of cleavage Is indicated with a downwards 
arrow ('V), the point of cleavage on the complementary strand is 
indicated with an upwards arrow (a), 
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When blunt ended ligations were being carried out, DNA concentrations 
were increased to 200-300ng/41 and 80 Weiss units of 14 DNA ligase 
used. These mixtures were incubated overnight at room temperature. 
2.9.5 The Use of Exonuclease III and Mung Bean Nuclease (Henikoff, 
1984; Barack and Wolf, 1986) 
Exonuclease III, although a multi-functional enzyme, is used mainly as 
a 3'-* 5' exonuclease. DNA fragments which have a recessed 3' terminus 
are suitable substrates for the enzyme, which catalyses the release of 
5' mononucleotides from the hydroxylated strand. The activity of the 
enzyme is strongly influenced by temperature, salt concentration and 
DNA/enzyme ratios but under the conditions described below, one unit 
of exolil was calculated to remove approximately 400 nucleotides in 10 
minutes at 37C in a 50&l reaction volume. 
The substrate for the exonucleese III reactions was plasmid DNA which 
had been linearised with the restriction enzymes 2jbAI and 3phI. Only 
termini have 5' overhangs and are therefore suitable for exoill 
digestion. apAI cuts to give a 3' overhang and release a I4bp 
fragment in the process. Before exoill digestion the DNA was phenol 
extracted, precipitated and dessicated. The pellet (10g DNA) was 
resuspended in 30l TE and the reaction mixture made up to 501 by 
addition of 5l lOx Exolli buffer (Table 2.8), 5U exolil and water to 
the final volume. The reaction mixture was incubated at 37'C for 5 
minutes before addition of enzyme. 24g aliquots were transferred at 
timed Intervals Into 50.tl of ice-cold 2x mung bean nuclease buffer 
(Table 2.8). This step also effectively terminates the exoill 
reaction. 
Exonuclease III was supplied at a concentration of 100 units/p.l, so it 
was necessary to dilute It down in lx exolli buffer before use. The 
working concentration was varied to control the rate of deletion 
although it would have been equally possible to alter the reaction 
temperature. Typically 5 or 10 units of enzyme were used per reaction. 
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75mM Trls-HC1, pH7.8 
20mM M8Cl 2 
1mM spermidlne tri-HC1 
0.01% BSA 
20mM Dfl 









10mM Tris-HC1, pH7.6 
	
0. 10K 




Mung Bean Nuclease Buffer: 
30mM sodium acetate, pH4.8 
50MM NaCl 
1mM ZnC1 2 





Exonucleese III Buffer: 
50mM Tris-HC1, pH8.0 
	
0. 50K 




The nucleolytic action of exolil results in the formation of a DNA 
molecule with a long 5' tail. These were removed by rnung bean 
nuclease, a single-strand specific exonuclease which acts on both 5' 
and 3' extensions but which will not degrade single-strand loops 
within a double-stranded DNA region. Samples (exoIII'd DNA in 501 2x 
Mung been nuclease buffer) which had been treated with exolil had 
their volume increased to 10041 with 1.xTE and were transferred to 
siliconised glass tubes (it is important that all manipulations using 
rnung bean nuclease are carried out in siliconised vessels since the 
nuclease activity is rapidly inhibited by both plastic and glass). 10 
units of mung bean nuclease were added and the reaction incubated at 
37'C for 30 minutes. The mixture was returned to ice and the enzyme 
inactivated by addition of 0.01% SDS. Samples were phenol extracted 
and the DNA precipitated before the ends were filled in using the 
large fragment of DNA polymerase I (the Klenow fragment) and the 
molecules religated. 
2.9.6 Filling in 5' extensions 
5' extensions to be filled in with DNA polymerese 1 (Kienow) had 
usually been generated from either exolil treatment or restriction 
digestion of the DNA. In either case, the DNA was phenol extracted 
and ethanol precipitated before use. The repair synthesis was 
initiated by addition of 0.5 units of Klenow to a mixture containing 
DNA, lOx Kienow buffer (Table 2.8) and each of the four dNTP's, 30M 
dAT?, 30DM dCTF, 30i.M dGTP, 304M dTTP made up to a total volume of 
501 with dH2O. The reaction mixture was incubated at 37C for 30 
minutes. DNA was end-labelled by the same procedure but 104Ci of [a-
3 P]-dCTP was substituted for dCTP, or alternatively ( 36S]-dATP for 
dAT?. After reaction the unincorporated label was removed by passing 
the mixture down a Pharmacia "Nick" column which had been equilibrated 
with TE. 0.2ml fractions were collected and the radioactivity 
determined by Cerertkov counting in a scintillation counter. Labelled 
DNA was eluted in the first peak and collected in approximately 40041. 
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2.9.7 Nick Translation of DNA (FnbJ3 VeJtmxr'). 
DNA was labelled to high specific activity according to the method of 
Rigby et al. (1977). The labelling reaction was initiated by adding 2 
units of Kienow to an Eppendorf tube containing 0.5 volumes of 
oligolabelling buffer (prepared by mixing the solutions A, B and C in 
a ratio of 2:5:3 (v:v) where A: 1.25mM Tris-HC1, pH8.0; 0.125mM MgC1 2 ; 
0.5mM each of dATP, dTTP, dGTP and 0.25mM -mercaptoethanol; B: 2M 
Hepes-NaOH, pH6.6; C: 4.5ng/mi hexadeoxyribonucleotide suspension 
(pd(N),) in TE. The solution should be stored at 4C in 5041 
aliquots), 50ng DNA, 10mg/mi BSA and 304Ci(a- 32P]-dCT?, transferring 
the vial from ice and incubating for 90 minutes at 15C. The reaction 
was stopped by adding 20041  of a solution containing 20mM NaCl, 20mM 
Tris-HC1 (ph7.5), 2mM EDTA, 0.25% SDS and 1M dCTP. Non-incorporated 
deoxyribonucleoside triphosphates were removed by chromatography down 
a 2cm "Nick" column as described in the previous section. 
2.9.8 Plesmid copy number determination by quantitative hybridisation 
A fresh overnight culture was diluted 20-fold into L broth with 
ampicillin (504g/ml) and grown until steady state had been reached. 
The cells were diluted to maintain an optical density of between 0. 1 
and 0.2 at A540. A single lOm]. sample was transferred to a Universal 
bottle and chilled on ice for 20 minutes. Additional samples were also 
removed at this time and the absorbance read, 200p.l aliquots were 
withdrawn for assay of 6-galactosidase activity and calculation of 
median cell volume. Cells were centrifuged and concentrated 10-fold 
with ice-cold TE. Plasmid was prepared by addition of 1mg/mi lysozyme 
in 0.25M Tris-HC1 (pH8.0) and incubating on ice for 5 minutes. A 
further 0.4m1 0.25M EDTA (pH8.0) was added and the cells Incubated for 
5 minutes, with gentle shaking. Addition of 0.4m1 of alkaline SDS 
solution (0.2M NaOH, 1% (w:v) SDS) was followed by addition of 4ml lSx 
basic SSPE and the mixture Incubated at 80C for 10 minutes. Finally, 
1.2m1 of acidic ice-cold Tris-HC1 was added and the solution placed on 
ice until required. 
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Plasmid copy number was estimated by spotting increasing volumes of 
cell extract onto duplicate filters and probing with nick-translated 
probes of pBR325 and pCM959. The pBR325 probe hybridises to the 
plasmid fraction of the sample while the pCM959 probe (which carries 
an or-iC insert) allows an estimation of the number of chromosomal 
origins to be made. These values allows a correction for extraction 
efficiency to be made. Using clean gloves and tweezers, 1cm square 
nitrocellulose filters were numbered in pencil, boiled in dH. 20 for 10 
minutes and the solution allowed to cool to room temperature. Filters 
prepared in this way could be stored for several weeks in a solution 
of 10xSSPE providing they were not allowed to dry out. 50, 200, 500 
and 900l of cell extract were spotted onto duplicate filters under 
slight negative pressure to draw the solution through. These, and a 
blank filter per probe were then air-dried at 37C and baked under 
vacuum for 2-3 hours at 80C. Each set of filters were prehybridised 
by sealing them in a plastic bag containing lOmis of prehybridisatiori 
fluid (imi 2OxSSC; 50% (w:v) formamide; 0.2m1 50x Denhardts; 0.25m1 
denatured Salmon Sperm DNA; H 20 to lOmi) and shaking them gently at 
37C for at least 2 hours. The 1 32-P]-labelled DNA probes were diluted 
into a fresh lOin], of hybridisation buffer and denatured by heating to 
100C for 15 minutes. Filters were transferred to a second polythene 
bag, the hybridisation mix carefully added and hybridisetion allowed 
to proceed overnight at 37C. The following day, the filters were 
washed with 2xSSC, 0. 1% (w: v) SDS, by gently agitating the mix at 37C 
for 45 minutes for each of three washes. Filters were dried at 37C 
and counted in a toluene based scintillant (0.4% Butyl PBD in 
toluene). 
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2. 10 RNA Techniques 
2. 10. 1 	-vttro transcription (Kajitani and Ishihama, 1983a; 1983b) 
The following plasmids were used in the preparation of truncated 
templates: 
pNS28 for 620bp K.Ral fragment 
pNS28 for 638bp A1fiII fragment 
pNS27 for 234bp n1/41I fragment 
pHR1O for 200bp F&aRl size standard 
pty.L2 for 52bp Aval size standard 
DNA fragments were isolated on 0.7 to 1.5% agarose gels, electro-
eluted and quantified by running alongside known concentrations of DNA 
on an agarose mini-gel. 
The standard reaction and substrate mixes are given in Table 2.9. RNA 
synthesis was carried out as follows: when both reactant and 
substrate mixtures had been prepared, 141 of RNA polymerase (31J) was 
added to the reactant mixture and 10j.CiC- 2P]-UTP to the substrate 
mix. Both tubes were preincubeted at 37C for 5 minutes before RNA 
synthesis was initiated by adding the contents of the substrate 
mixture to that of the reactants. After 1 minute, further initiations 
were prevented by addition of 1g/mJ. rifampicin. RNA synthesis was 
allowed to continue for a further 4 minutes before the reaction was 
stopped by adding 40mM EDTA with 20g/pi glycogen as carrier. RNA was 
precipitated from solution with 10l 3M Na acetate dissolved in 10041 
30mM Tris-HC1; 50mM NaCl; SaM EDTA; 0.3M Na acetate. 2-3 volumes of 
ethanol were added and the RNA precipitated at -70C for 30 minutes. 
RNA was recovered by centrifugation at 0C for 30 minutes. The pellet 
was washed twice and finally recentrifuged at 0C for 15mm. The 
pellet was dried under vacuum, dissolved in 10.d formamide loading 
buffer and analysed on a 6% (or 8%) polyacrylarnide gel. Gels were 
autoradiographed at -70'C with flash sensitized Cronex-4 X-ray film, 
using an intensifier screen. 
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Table 2.9 	Composition of la-vitro Transcription Reaction and 
Substrate Mixes 
Working Concentration 	 lOx Buffer 
of components 
lOx Reaction Buffer: 
50mM Tris-HC1, pH7.8 	 0.5M 
3mM Magnesium acetate 	 0.03M 
0.1mM EDTA 	 0.0094 
0.1mM DTT 	 0.001M 
25g/ml BSA 	 250p.g/ml 
NaCl as indicated f or each reaction 
0.3 prnoles DNA 
1 Unit RNA Polymerase 	 Final volume 351 
lOx Substrate Mix 
50mM Tris-HC1, pH7.8 	 0.5M 
3mM Magnesium acetate 	 0.03M 
0.1mM EDTA 	 0.001M 
0.1mM DTT 	 0.001M 
25g/ml BSA 	 250g/ml 
0.16mM ATP, GTP, CT? 	 1. 6mM 
0.05mM Lcc32 P-UT?] 	 0.5mM 
0.24mM unlabelled UTP 
NaCl as indicated for each reaction 	 Final volume 15l 
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2. 11. M13 (and pT'Z18R) Dideoxysequencing (Sanger et al, 1977; Biggin 	. 
j, 1983) 
Sequencing was carried out using the dideoxynucleotide chain 
termination method, on DNA cloned into either M13mp18 or the plasmid 
pTZ18R. 	pTZ18R is a plasmid vector which carries the fi origin of 
replication. 	On superinfection with a helper phage (M13K07), the 
plasmid is replicated as single-stranded DNA, packaged and excreted 
into the growth medium in the same was as the M13mp vectors, The 
methods for purifying the single-stranded template DNA varies slightly 
for each vector, as outlined below. 
2. 11. 1. Preparation of M13 template DNA 
A straight platinum inoculating wire was inserted into the centre of 
an isolated M13 plaque and used to inoculate 1.5-2mls of L-broth 
containing fresh 311101 plating culture. After 5-8 hours gentle 
agitation at 37JC the culture was centrifuged and the supernatant 
recovered into a sterile Eppendorf tube. To each lml of the 
preparation was added 20041 2.5M NaCl and 20% (w:v) polyethylene 
glycol 6000. The solution was mixed and left on ice for 30mm. 
Precipitated phage were centrifuged at 11 000 rpm, 4C for 30mm, the 
supernatant discarded and the pellet dissolved in 1001 TE (pH7.5). 
The phage were phenol extracted (once) and chloroform extracted 
(twice) then ethanol precipitated overnight. 	The purified template 
was recovered after centrifugation and vacuum dessication. 	DNA was 
generally dissolved in 301.d TE (pH7.5) to gave a concentration of not 
less than 0.05g/ml. This was verified on an agarose mini-gel. 
2.11.2 Preparation of pTZ18R template DNA 
The initial stages of this template preparation vary only in detail 
from that of M13. JM10I harbouring the recombinant pTZ18R were grown 
in L-broth under selection to an optical density of 0.5-0.8 at 540nm. 
2mls of culture were then infected with the helper phage at an moi of 
10 and incubated at 37C for a further hour. 4001iJ. were removed into 
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lOruls of prewarmed L-broth with kanamycin and ampicillin and shaken 
overnight with good aeration. Cells were pelleted by centrifugation, 
8 000 rpm for 10 minutes at 4C,and phage precipitated from the 
supernatant by adding 0.25 volumes of 3M NaCl, 20% (w:v) polyethylene 
glycol, and incubating on ice for 30 minutes. Phage were harvested 
(11 000rpm at 4C for 30 minutes) and all traces of the supernatant 
carefully removed. The pellet was dissolved in 400j.d 20mM Tris-HC1 
(p118.0), 20mM NaCl, 1mM EDTA, extracted and the DNA recovered as 
described for M13mp18. The DNA was usually dissolved in 50l TE, 
ready for use as substrate in sequencing reactions. 
2.11.3 Dideoxy sequencing reactions 
Table 2.10 details the components of the mixes used below. 
541 of single-stranded template DNA (either M13 or pTZ18R) were mixed 
with 51 of primer mix (341 15-mer primer (2.5g/ml) dissolved in 1l 
TM and 1l H20) and the DNAs annealed by incubating the mixture at 
60C for 60 minutes. The mixture was allowed to cool to room 
temperture while the series of sequencing reactions were prepared in 
Eppendorf tubes. Four tubes were marked T, C, G and A, repectively. 
To the side of each tube was added 2.il of the corresponding dNTP/ddNTP 
mixture (see Table 2.10); 241 of the annealed template:primer mixture 
and finally 2l of Kienow mix (Table 2.10). The solutions were 
brought to the bottom of the tube by briefly rnicrofuging the tubes. 
The sequencing reactions were incubated at room temperature for 25 
minutes before 21 of chasesolution was added. The reactions were 
incubated for a further 25 minutes after which time they could be 
stored overnight at -20C without degredation of the products. 
Before samples were loaded onto a 6-8% polyacrylamide gel, 21 of 
formamide loading dye were added and the samples denatured by 
incubating the tubes in a boiling water bath for 2 minutes. 21 from 
each tube were loaded onto the sequencing gel. 
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Table 2. 10 Composition of Stock dNTP/ddNTP Mixes for Sequencing 
C G A 
0.5mM dTTP 	 5 100 100 100 
0.5mM dCTF* 	 100 5 100 100 
0.5mM DGTP 	 100 100 5 100 
	
10mM ddTTP' 	 6 	- 	- 	- 
2mMddCTP 	 - 	2 	- 	- 
2mM ddGTP 	 - 	- 	6 	- 
1mM ddATP 	 - 	- 	- 	2 
TE, pH8.5 	 200 	200 	200 	200 
* Stock dNTPs are 50mM in TE (pH8.5) 
Stock ddNTPs are 10mM in TE (pH8.5) 
Volumes for the mixtures are in l 
Kienow mix per clone: 
Tris-HC1, pH8.5 	 0.0IM 
OTT 	 0.OIM 
Kienow fragment 	 1.5 units 
1 35S]-dATP 	 4J.LC1 
dH2O 	 to 8p.l 
Chase solution: 
dAT?, dTTP, dCTP, dGTP 	0.25mM in TE 
CHAPTER 3 
Regulation of Expression 
of the Cell Division Genes 
3. 1 Introduction 
Until now the study of gene regulation within the Ls . cluster has 
relied heavily upon the use of promoter probe vectors, such as the 
pKO-serles plasmids (Robinson gt. 	, 1984; 1986; Sullivan and 
Donachie, 1984a; 1984b). 	These vectors have proved to be of 
considerable value in aiding the identification of promoter 
sequences within subcloned chromosomal fragments. However, a severe 
limitation to their use in studying the regulation of the division 
genes in vivp Is the fact that the plasmids are present in high copy 
in the cell. Consequently, their gene products may likewise be 
produced at a level which far exceeds that normally found within the 
cell. In an effort to study the regulation of the promoters within 
the fts fragment, whilst avoiding the possible toxic effects of 
varying plasmid copy number, I made use of the phage XJFLIOO, The 
Importance of this approach lies in the fact the X.TFL100 is the only 
construct we have which carries potential regulatory sequences in 
single copy, and as such provides a direct route f or the 
investigation of morphogene expression. 
The phage >JFLIOO was originally constructed several years ago by Dr 
I.F. Lutkenhaus with a view to assaying ftsA activity during the 
cell cycle. XJFL100 is a tripartite phage, the left arm of which 
carries the lacZ ORF and ribosome binding site, but without its 
promoter or operator sequence, in a transcriptional fusion to a 
promoterless fragment of the 1ra operon. Ligation, upstream, of the 
1.8kb R1-lljadIII fragment from the 2 minute cluster provided the 
P. and P 3 promoters in the correct orientation to allow the 
transcription of lacZ. A Xim&' right arm completed the construction 
(Figure 3.1). 
JFL100 carries the ftsQ structural gene and all but the terminal 
300 bases of ftsA, it does not complement mutations in either gene. 
Cells which are deleted f or the lac locus but lysogenic for ,JFL 100 
produce -galactos1dase from transcription originating within the 
cloned chromosomal fragment (such a response from the intact cluster 
would lead to the production of FtsA and FtsZ proteins). From work 
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Fig. 3.1 
The structure of bacteriophage XJFL100 showing the chromosomal origin of the Lt 
insert (open boxes). 	Open reading frames are shown as boxes and promoters as 
arrows. The chromosomal insert of XJFLLOO, but not the arms, is drawn to scale. 
carried out by N.F.Sullivan and D.J.Ke.nan (Sullivan and Donachie, 
1984a; Robinson L 1984; Sullivan and Donachie, 1984b; Sullivan, 
1985) it became apparent that the cloned chromosomal fragment 
contained a weak promoter (PA2) within ftsQ and a stronger promoter 
(P) within the ftsA fragment. Consequently, expression of - 
galactosidase probably results from transcription originating from 
P. X.TFL100 has subsequently been used as an indirect means of 
assaying for regulation of the ftsZ promoter. 
3.2 Transcription of lacZ by L. promoters 
The lac-delete host strain used for these experiments was the E.coli 
strain MV2 (Table 2.1). MV2(XTFLIOO) cells express a low level of 
-galactosidase (Figure 3.5) and form blue colonies on X-gal 
indicator plates. 	In contrast, MV2 itself produces no detectable 
-galactosidase activity and forms white colonies on X-gal plates. 
In addition, there is no effect on enzyme production (in either 
strain) upon the addition of either the inducer (IPTG), or of 
glucose (D'Ari @1 NJ,., 1988, have also shown that lacZ expression in 
XJFL100 is not controlled by cAMP). This confirms the absence of 
normal 	controls in >JFL100. For comparison, Figures 3.2 and 3.3 
show the levels of enzyme activities in a jç.. constitutive strain 
(CA159) and in the comparable, isogenic MV2 strain made 
Exogenous cAMP has not been supplied (expression from >JFL100 is not 
repressed by cAMPICRP D'Ari et gj, 1988), this is reflected in the 
low enzyme levels associated with the large cells grown in the 
richer media. 
It was possible that these low levels of enzyme activity might have 
been the result of low levels of spontaneous induction and 
replication of the phage. A derivative of the phage (X.TFL100Ind; 
constructed by Varda Kagan-Zur) which carried the C1857 mutation was 
used to check this. At 30'C lysogens of this phage show a level of 
free phage production which is approximately two orders of magnitude 
lower than for lysogens of the parental phage, but nevertheless, the 
level of -galactosidase remains unchanged. It seems most likely 
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-ga1actos1dase synthesis for streins CA159 arad MV21. 
therefore that lacZ is being expressed from the cloned cell division 
promoters and not from phage promoters active during replication. 
In the intact cluster 1 the transcription which originates in the 
1.8kb segment would normally result in transcription of both the 
ftsZ and ftsA genes. Since it is known that the FtsZ protein is a 
target for the cell division inhibitor, SfiA (Su1A), the effect of 
inhibiting DNA replication on expression of the lacZ gene in 
)JFLlOOind was tested (V. Kagan-Zur, unpublished). The ind version 
of the phage was used because induction of the SOS response normally 
also results in cleavage of the CI repressor of lambda phage. The 
C1857 repressor is not cleaved in this way (however, since the C1857 
repressor is thermosensitive, these experiments were carried out at 
30C). Figure 3.4 shows that inhibition of DNA replication by 
either UV-irradiation or thymine deprivation (MV2 is thyA) had no 
effect on the expression of -ga].actosidase (V. Kagan-Zur, 
unpublished). 
3.3 Dependence of Cell Division Promoters on Growth Rate 
Cell size in E.coli depends on the growth rate (Schaechter et• 	, 
1958; Donachie j 11, 1976; Grover et gj, 1977). Since cell division 
therefore takes place at different cell volumes and at different 
growth rates, this implies that the number of septa formed per unit 
cell volume also varies. It further suggests that production of the 
proteins required for septatiori might reflect the rate at which the 
cells are growing. To determine whether expression of the promoters 
cloned in XJFL100 was influenced by growth rate, the strain 
MV2(XJFL100) was cultured in three different media over, 
effectively, an approximately 6-fold range of growth rates. Figure 
3.5 shows this dependency plotted as a function of median cell 
volume of exponential cultures growing at 30C. The strain shows a 
strong negative correlation between cell size and specific 	- 
galactosidase activity. 	Over about a six-fold range in cell size, 
the intracellular concentration of gene product changes over an 
approximate three-fold range in wild-type cells. In effect, 
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Figure 3.4 Growth, division and -galactosidase synthesis in strain 
MV2(XJFL100jflT) grown at 30C in minimal medium (with glucose and 
the required supplements). 
In the left hand panel log-phase cells were washed and resuspended 
in the same medium with (solid symbols) or without (open symbols) 
thymine at 0 minutes. 
In the right hand panel log-phase cells were washed and resuspended 
in saline and exposed (open symbols) to (JV (600 ergs total) or left 
unexposed (solid symbols) before resuspending in fresh growth medium 
at 0 minutes. 
Samples from both cultures were taken at intervals and assayed for 
-galactosidase ("E", circles at top); cell number ("N", triangles) 
and optical density ("OD", circles at bottom). 
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Median Cell Volume 
Figure 3.5 The reThtionship between -galactos1dase (enzyxne units) 
and median cell volume in MV2(..TFL100) in cultures growing at 30C 
in three different growth media. 
M. 
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although the number of -galactosidase molecules per cell increases 
with growth rate, the amount of -galactosidase in relation to total 
cellular protein is progressively diminished as growth rate 
increases. 
While Figure 3.5 describes the relationship between levels of 
transcription from the fs. promoters and the steady-state growth 
rates and cell sizes in different media, Figure 3.6 shows the 
transition from one growth rate to another during a nutritional 
"shift-up" (W.D. Donachie, pers. comm.). MV2(XJFL100) was grown for 
4 hours at 37C in minimal medium with glucose as carbon source and 
all required growth supplements except tryptophan. 	This strain 
carries a 	am) mutation, together with a temperature-sensitive 
amber-suppressor and, as a consequence, requires tryptophan f or 
growth at 42C but not at 30C. At 37'C the growth rate is limited 
by the rate of endogenous tryptophari production so that the doubling 
time is about 100 minutes. Cells were grown under these conditions 
with periodic dilution into fresh medium until a constant growth 
rate and cell size were achieved. The culture was then diluted with 
L-broth (containing glucose and thymine) and the Incubation 
continued. The growth rate and cell volume immediately increased to 
give a new doubling time of about 33 minutes. 
As expected for a "classical" shift-up experiment (Schaechter at , 
1958) the doubling time for cell numbers remained low initially and 
changed abruptly to the new doubling rate after about 65 minutes 
(i.e., "C+D" minutes, where C is the time taken for newly initiated 
replication forks to travel from the chromosome origin to the 
terminus, and 0 is the period of time between termination and 
completion of the subsequent cell division (Cooper and Helmstetter, 
1968). The smaller immediate stimulation in rate of division 
following the shift may be attributed to a small reduction in the 
values of C and 0 in the richer medium (Helmstetter, 1987). The 
consequence of these kinetics Is seen in the shift In median cell 
volume over the same period from the steady state value 
characteristic of one growth rate to that of the other (Figure 3.6). 
Most interestingly, Figure 3.6 shows that the rate of accumulation 
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Figure 3. 6 Expression of the L: : 1acZ fusion during a "shift-up" 
from a poor to a rich growth medium. See text f or details. 
Symbols: Total cell volume (median cell volume x cell number) - open 
triangles 
Cell number - solid triangles 
Total -galactosidase/ml of culture - circles 
Median cell volume - squares 
The ordinate is in arbitrary units. The values have been corrected 
for periodic dilution to maintain cells at low densities. 
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of 	-galactosidese in the culture showed the same initial 
stimulation as the rate of cell division but shifted to parallel the 
rate of increase In volume after about 40 minutes. Because the 
frequency of septum initiation changes C minutes after the shift, 
this experiment shows that the frequency of transcription from the 
cloned L.a. promoters Is always proportional to the frequency of 
septum initiation (assuming C = 40 minutes; Helmstetter, 1987). 
3.4 Derepression of Cell Division Gene Promoters by Chromosomal 
Mutations 
Section 3.2 describes an experiment which showed that induction of 
the SOS response, by Inhibiting replication of the bacterial 
chromosome, had no effect on expression from the j . , promoters. 
This experiment resulted not only in the Induction of sfiA, but also 
in the inhibition of cell division (by a block to FtsZ) in the cells 
which were treated. Blocking division by exposing cells to low 
levels of benzyl-penicillln (Donechie and Begg, 1970) likewise has 
no effect on expression from the phage (K.J. Begg, pers, comm.). It 
is clear, then, that inhibition of division pIL g& has no effect on 
the level of transcription originating from within the cloned 
segment. 
To try to establish a relationship between the expression of genes 
under control of the L. promoters cloned on XTFLIOO and other known 
cell division genes, a selection of cell division mutants (ftsQ, 
ftsA. ftsZ, ftsl. ftsE and envA) were lysogenised with )JFL100. The 
Introduction of chromosomal mutations (missense) in ftsQ, ftsl and 
ftsZ caused a slight derepression of the promoters (Table 3.1), 
while missense mutations at the ftsE, Qb& and envA loci had no 
effect on the enzyme level. In contrast, a marked effect was 
observed for an ftsA (amber) mutant. The mutation (ftsA16(am)) was 
carried in a strain, 0V16, which also carried a temperature 
sensitive suppressor (tyrT.supF8l.ts), Donachie et gj, 1979. The 
ftsAl6(am) mutation was transduced from this strain Into the MV2 
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Table 3. 1 The Effect of Chromosome]. Mutation on Expression from 
XJFL 100, 
Chrornosomel -ga1ectosidase 








f W (wild-type) 	 120 
Table 3,2 Variation in Plasmid Copy Number with Growth Rate (r 2 
Median Cell 	Plasmid 	oriC 
Volume Probe Probe 	PlasmidloriC 
7 	 220 	81 2.72 
18 	 50 	 28 	 1.79 
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background (and designated SUE16) then lysogenised with X.TFLIOO. 
Figure 3.7 shows that the level of -galactosidase is about three 
fold higher, even at 30'C (at which temperature the level of 
suppression is about 10%; Smith et gj, 1970), in the presence of the 
nonsense mutation in ftsA than in its absence. 	A shift to 42C 
(resulting in a reduction in suppression to about 1% ; Smith . 
1970) caused a further rise in enzyme level to about five-times the 
level in ftsA cells (Figure 3.7), The shift to 42C also caused a 
complete block to cell division in the mutant; Figure 3.7. 
3.5 Introduction of Multicopy Plasmids into 0V16(XJFL100) 
The strong derepression of the X.TFL100 promoters in an ftsA(arn) 
background suggested that FtsA might itself regulate transcription 
from sequences within the cloned fragment. I next hoped to show 
that compensating for the deficiency in FtsA by introducing 
multicopy plasmids which expressed this gene (pNS27; Robinson j ., 
1984; Sullivan, 1985; pZAQ, Ward and Lutkenhaus, 1985) would result 
in the repression of -galactosidase expression once more. The 
plasmids pNS27 and pZAQ were therf ore transformed into OV16(XIFL100) 
and the enzyme levels monitored. The 0V16 strain was used because 
StJE16 is tetracycline resistant, the selective marker for pZAQ. 
However, I had earlier confirmed that -galactosidase levels in both 
the 0V16 and MV2 backgrounds were the same, in the absence of IPTG, 
so the results may be compared. I further confirmed that the level 
of expression of b-galactosidase was the same for both 0V16(XJFL100) 
and SUE16('.JFL100) transformed with pNS27. OVI6(XJFL100) carrying 
pNS27 saw a reduction in enzyme expression relative to the control, 
0V16(XJFL100) without the plasmid, of approximately half, although 
not quite to "basal" MV2(X.TFL100) levels (Figure 3.8). The degree 
of repression seen with 0V16(XIFL100)/pZAQ however, is dramatic. 
The Level of transcription was very strongly repressed in these 
cells and the amount of 8-galactosidase produced was comparable to 
that assayed in the StJE16 parental strain before lysogenisation with 
X.TFL100. The cumulative results of the experiment are shown in 
Figure 3.8. 
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The effect of an amber mutation in the ftsA gene (f tsAl6) on 
expression of the fts::lacZ fusion in a strain carrying an 
inefficient, temperature-sensitive amber suppressor. The isogenic 
strains differed only in the presence or absence of the ftsA16 
mutation. 
The cells were grown in log-phase in nutrient broth (+thymine) at 
30C. At 30 minutes (on the graph) each culture was split and one 
portion shifted to 42C to further reduce the activity of the 
suppressor tRNA. 
The top panel shows median cell volumes CV) for the four cultures 
and the bottom panel shows -galactosidase/0D ([Et)). 
Symbols: triangles, ftsA cells; circles, ftsAl6 cells. 
Solid symbols, 30C; open symbols, 42C 
The repression of -galactosidase activity by pZAQ cannot solely be 
attributed to the presence of FtsA since both FtsZ and FtsQ are also 
expressed from this plasmid. Whether FtsQ could In some way have 
contributed to the repression was examined by Introducing pNS37 
(ftsQ) Into 0V16(XJFLI00). Somewhat surprisingly, pNS37 also 
caused a repression of the enzyme levels (Figure 3.8). 
Unfortunately, no multicopy vector carrying ftsZ in isolation from 
the neighbouring cell division genes is available and attempts to 
make one were unsuccessful. To ensure that the repression seen wiht 
the various plasmids was real, and not a spurious effect of the 
presence of any plasmid, 0V160.TFL100) was transformed with pBR325. 
In this case, there was no effect on transcription from the phage, 
thus the presence of a plasmid pAr. 2& does not influence - 
galactosidase production. We might conclude that pZ.AQ represses 
through the cumulative efect of FtsQ and FtsA or because of some as 
yet unknown effect of the expression of ftsZ. 
Cells maintaining pZAQ grow very poorly and there is a marked 
reduction in the cell size. If the presence of the plasmid was 
affecting transcription from XJFLIOO through a reduction in the 
median cell volume, then there should have been a concomitant 
increase in the B-galactosidase levels (small cells have effectively 
higher enzyme levels than large cells). However, Figure 3.8 shows 
quite clearly that the contrary is true, -gelactosIdase production 
is reduced, not Increased in these cells. It was possible that the 
degreee of repression was attributable to pZAQ being present at 
higher copy, and therefore its gene products being present at 
Increased concentration at these low growth rates. The concentration 
of ColEl-derived plesmids varies with growth rate such that the 
concentration Is two-fold higher In cells growing slowly (and which 
are therefore small) than in the same cells which are growing 
quickly (Chao and Bremer, 1986; I.B. March, 1988). To check that 
this also holds for pZAQ, its copy number was determined in both 
minimal and rich media. The results are shown in Table 3.2. The 
estimated plasmid concentration corresponds quite closely to the 
theoretical estimate, indicating that the 
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Figure 3.8 Cumulative Results 
The relationship between -galactosidaseJOD (Et) and median cell 
volume f or MV2(XJFL100), open circles, and SUE16(XJFLIOO), closed 
circles, is indicated by the points lying along the two (near) 
parallel lines. 
Symbols: 0V16(X.TFL100)/pNS27 - crosses 
0V16(X.TFLIOO)JpNS37 - enclosed crosses 
0V16(XJFL100)/pZAQ - solid squares 
The levels of -galactosidase synthesis directed by the isogenic 
parent, SUE16, is indicated with open squares; the enzyme levels 
monitored for the MV2(JFL100) strain is indicated by an open 
triangle. 
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concentration is, indeed, higher at lower growth rates. This would 
suggest that the naximum repression of the gene by pZAQ should be 
seen at low growth rates and the repression would be weakest in 
fast-growing cells, consistent with the hypothesis that the 
repression at low growth rates Is due to a higher concentration of 
plasmid. These experimental observations can also be extended to 
include pNS27 and pNS37 (both plasmids are pKO-derivatives (Robinson 
et al, 1984) which have been shown to conform to this model (I. B. 
March, unpublished), thus Figure 3.8 shows that in cells of large 
median volume the repression is considerably less. 
Clearly, the interpretation of these results must be somewhat 
speculative. The derepression of the cell division gene promoters 
in an FtsA-deficient mutant argues for a fundamental regulatory role 
for the protein. This Is supported by the observation that 
compensating for the deficiency In FtsA reduces the level at which 
the division promoters function, i.e. in the absence of EtsA, the 
division promoters fire more frequently in order to fill the cell's 
requirement for the protein. When the protein is freely available 
expression from the promoters is reduced. That FtsQ (and possibly 
FtsZ) also appears to influence the final levels of expression from 
these promoters probably indicates that the system demands the 
participation of a complex series of control factors for its 
efficient regulation. 
3.6 The Effect of d= Mutation on Expression From the Cell Division 
Gene Promoters 
The cloned f.. sequence In XIFL100 is rich in GATC sequences, which 
are the recognition sites for adenine-methylation by the DAM-
methylase. These sites have been Implicated in transcriptional 
regulation in E.coli (Marinus, 1987). Mutation of a Dam-methylation 
site in the I6bp spacer sequence between the -35 and -10 consensus 
boxes of P has also been correlated with an increase in 
transcription of ftsA (Dewar g. al, submitted; Chapter 5). We 
therefore tested the effect of preventing adenine-methylation by 
introducing a 	- allele into MV2(XJFL100) and measuring the 
resulting enzyme activity. 	The presence of the mutation did not 
affect cellular growth rates but did reduce the B -galactosidase/OD 
by approximately 40%. However, the d=7 mutation also resulted in 
increased mean cell size, as expected from its known Involvement in 
the timing of DNA initiation (Messer 	.L, 1985) and consequently 
the enzyme levels measured for 	strains fall on the same curve 
as that for the 	strains shown in Figure 3.8 (the 	value is 
marked). 	There is therefore no effect of lack of adenine 
methylation except through change in cell size. 
3.7 Addendum: Transcription from X.TFL100 in Synchronous E.coli 
cultures (K.J. Begg, unpublished; Dewar et gj, submitted) 
Preliminary experiments were carried out (K.I. Begg) to determine 
whether transcription from the phage was periodic during the cell 
cycle (i.e. reflecting the cell's requirement for septal material at 
a specific point In the cycle). Asynchronous populations of 
MV2(XJFL100ind) were grown at 30C In rich media, centrifuged 
through a sucrose gradient and the small cells selected to 
reinoculate into fresh medium.. The size distributions of the 
parental populations and of the selected cells were measured, and 
the increase in cell number of the small fraction, monitored. Small 
cells selected from the gradient showed a degree of synchronous cell 
division for one or two cycles. 	Figure 3.9 shows the results of 
such an experiment. 	Although increase in total cell volume was 
continuous, both cell numbers and total -galactosidase increased 
periodically. This result may be contrasted with the synthesis of 
-galactosidase in synchronous cultures when lacZ is under the 
normal control of the lec.-promoter. In such cultures the 
accumulation of the enzyme is continuous (Donachie and Masters, 
1969). 
However, it is still necessary to Interpret the data with a certain 
amount of caution since metabolic perturbation created in the act of 
synchronIsing populations may induce damping oscillations In the 
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Figure 3.9 	Periodic transcription of the Ui::lacZ fusion in 
synchronously dividing cells 
A log-phase population of MV2(XJFL100) in minimal-glucose-thyinine 
was synchronised by selection of small cells by sucrose-gradient 
centrifugatiori (Donachie et gj, 1979) followed by reinoculation into 
fresh medium at 0 minutes. 
The graph shows cell number (N), total -ga1actosidase/in1 (Et) and 
total cell volume/mi (N.V) calculated as the product of cell number 
and median cell volume. 
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synthesis of certain enzymes. It is therefore not possible to say 
that transcription from the fragment I& periodic in the unperturbed 
cell cycle, but this would fit well with previous findings that the 
requirement for ftsA protein is periodic (Donachie et gj, 1979). To 
exclude artefacts of the synchrony, the remaining cells on the 
sucrose gradient (those left after the removal of the selected small 
cell fraction) were mixed together and inoculated into fresh media. 
Such cultures exhibit only traces of synchronous division and 
-galactosidase production is similarly almost continuous. It 
therefore seems likely that periodic expression from the fragment is 
a normal feature of the E.coli cell cycle. 
3.8 Addendum 2: Construction of the Phage >..JFL100 Or I.F. 
Lutkenhaus) 
Bacteriophage XJFLIOO was constructed in order to produce a fusion 
between the ].acZ gene and the promoters upstream of ftsZ. X.TFLIOO 
was constructed j. vitro by ligating together single restriction 
fragments from each of three separate phege genomes. X3DW36 carries 
a lacZ-= fusion piece in which transcription of lacZ takes place 
from the -promoter (Ward and Murray, 1980). XJDW36 has a single 
jjdIII restriction site within trpB This phaga provided the left 
arm of the reconstituted phage (XJFL100) carrying the entire lacZ 
structural gene fused to a promoterless fragment of the j. operon 
(trpk'trpB'). A new promoter was provided by restricting phage X16-
25 (Lutkenhaus j, 1980) with both EcZaRl and ifiadill to produce a 
1.8kb restriction fragment containing PA2 and P. This fragment 
had an EraRl site at one end and a Ujadlil site at the other, such 
that it could be ligated to the .jdIII end of the piece from XTDW36 
in the correct orientation to allow transcription of lacZ (trpA, 
trpB') from the L. promoters. The HindIII cut in ?.16-25 is within 
the ftsA structural gene so that no transcriptional terminators lie 
between the promoters and lacZ. Finally, a ).imm2 ' right arm. was 
provided from XNM616 (Mileham j al, 1980) after digestion with 
EcQR1. 
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3.9 Discussion 
Cells which are lysogenic for XJFLIOO transcribe the lecZ gene from 
a promoter or promoters lying within the 1.8kb ftsQ-ftsA chromosomal 
fragment. Previous studies have shown that there are at least two 
promoters in this segment. One of these <PZ3> is located between 
the PyUII site at 1.118kb and the iljadlll site at 1.803kb (Sullivan 
and Donachie, 1984a, 1984b; Robinson et 11, 1984), and the presence 
of this fragment has been shown to be necessary f or expression of 
the ftsZ gene (In conjunction with one or two promoters located 
downstream of the HJadIII site within ftsA; Lutkenhaus and Wu, 1980; 
Sullivan and Donachie, 1984a). Similarly, a promoter or promoters 
(PA ) within ftsQ has been shown to be required for expression of 
ftsA (Robinson gt 21, 1984; Yl and Lutkenhaus, 1985). The absence 
of strong transcriptional terminators between ftsQ and ftsA means 
that transcripts originating at both of these promoter regions will 
extend through the ftsZ and envA genes (or into lacZ In XIFL100), 
It has been shown that full expression of ftsZ requires additional 
promoters upstream of those within ftsA (Ward and Lutkenhaus, 1985). 
The relative strengths of F. and P3 have been compared in terms of 
galactokinase production In transcriptional fusions in p1(0-vectors. 
By this measure, P A is weaker than P, although it is hard to 
quantitate this precisely. Chromosomally galK cells carrying pKO 
plasmids in which the plasmid galK gene is transcribed from the 
cloned PA fragment alone gives colonies which are only very slightly 
tinged with pink on galactose-McConkey indicator plates, while those 
in which galK Is transcribed from the P segment are red. 
(McKenney jLt gl, 1981; Robinson gj nj., 1984). In the present work 
we cannot separately assess the contributions of the different 
promoters within the 1.8kb fragment. 
It is clear that transcription from the cloned segment Is increased 
in a strain which is deficient In FtsA protein. Although we do not 
yet know the mechanism of this derepression, we can conclude that 
inhibition of cell division R&L se, does not lead to derepresslon 
because cells which are blocked in division because of induction of 
the SfiA inhibitor are not derepressed. It may be therefore that 
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FtsA protein acts directly as a repressor of one or both of the 
promoters located in the 1.8kb segment. Alternatively, because FtsA 
protein is required for a later stage in septatlon than is the FtsZ 
protein (which is the target of SfiA), the effect of FtsA protein on 
transcription may be indirect. This hypothesis is qualified to some 
extent by the observation that plasmids expressing ftsA and ftsQ 
were able to repress, to some extent, transcription from the 
fragment. It Is made increasing complex by the result that pZAQ 
almost completely suppressed expression from the insert. This might 
suggest that regulation is effected by a complex interaction of all 
three proteins, but it is probably only possible to acknowledge the 
result and wait for further data to give a clearer picture of what 
Is going on. Interestingly, excess FtsA itself causes partial 
Inhibition of division, especially at higher temperatures. 
Preliminary evidence points to this septatlon block being at an 
earlier stage than the block caused by deficiency of FtsA which 
reinforces the idea that only blocks at the FtsA stage cause 
derepression of these promoters. 
Previous work (Donachie 21 11, 1979) has demonstrated that FtsA 
protein is "used up" during septation so that it must be 
resynthesised before each successive division. This suggests a 
possible control loop for transcription of division genes. If FtsA 
protein represses transcription from the 1.8kb promoters (and 
perhaps others) then transcription of these genes will be repressed 
during all of the cycle, except for the short period during which 
the FtsA protein Is being used or sequestered during septation. The 
amount of FtsA protein produced in each cycle would then be the same 
as the amount used in septation. That some regulation of FtsA 
production is required seems likely because we know that both 
underproduction and overproduction of this protein cause blocks to 
septation. It is also a prediction of this model that the level of 
transcription of the (j.: : lacZ) transcriptional fusion should vary 
over the cell cycle with net synthesis confined to the periods of 
septum formation. The result of the experiment shown in Figure 3.9 
is In full agreement with the predictions of the model (note that 
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the start of septation precedes cell separation by approximately 20 
minutes in E.coli). 
If such a model were correct, it might be expected that the level of 
transcription from the 1.8kb segment would reflect the requirement 
for FtsA protein at different growth rates (Donachie, 1985). As we 
have shown, the amount of transcription does vary with the growth 
rate of the cells. How may this be interpreted? Septation is 
initiated after termination of each round of chromosome replication 
at all growth rates, so that the number of nascent septa per cell is 
approximately the same as the number of completed chromosomes per 
cell, i.e. nascent septa/cell = termini/cell = 20T) (where D is 
the interval between termination and completion of cell division and 
T is the doubling time of the cells). If a fixed number of ftsA 
transcripts were produced per termination event, or per septum, then 
there would be a direct proportionality between the amount of - 
galactosidase per cell and the number of chromosome termini per cell 
under all growth conditions. Figure 3.10 shows that this is quite a 
good approximation to our observations. 
A further prediction of this model is that the rate of - 
gelactosidase production would remain constant f or approximately 40 
minutes (the time taken for replication forks to travel from origin 
to terminus of the chromosome) in X.TFL100 lysogens following a shift 
from a poor to a rich medium. Such a rate maintenance phenomenon is 
indeed seen under these conditions (Figure 3.6; W.D. Doriachie, pers 
comm; this effect was first demonstrated by Drs A. Robin and D. 
Joseleau-Petit, pers. comm.) 
It has been observed that 	-galactosidase expression is also 
increased in dnaA(ts), X.TFL100-lysogens shifted to the restrictive 
temperature (K.J. Begg, unpublished observations). There are two 
DnaA-consensus binding sequences in the L. ORFs and although it is 
still not known whether DneA protein interacts directly to effect 
expression, the derepresslon can be reduced to some extent by 
increasing intracellular DnaA levels (T. Paterson, unpublished). In 
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Figure 3. 10 	Relationship between the average number of B- 
galactosidase molecules per cell and the median cell volume in 
cultures of MV2(XJFLI00) (solid symbols) and SUE16(XJFLI00) (open 
symbols) in three different growth media. Cells were grown at 30C 
to steady state in either nutrient broth + thymine; minimal salts + 
supplements + glucose; or minimal salts + supplements + glycerol. 
Median cell volumes, number of cells per ml, and B-galactosidase/rnl 
were measured on a number of such cultures. The graph shows number 
of enzyme units/cell plotted against median cell volume for each 
culture (on a double log plot). The straight lines have the slope 
(2(2mT)) and have been fitted by eye to the two sets of points. 
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>JFL100 in dnaA cells reaches a maximum level which is not related 
to the growth rate. A series of experiments designed establish the 
cause of the derepression (i.e. whether it was a direct result of 
inactivating the DriaA protein, or indirect, being a consequence of 
the chromosome failing to initiate new rounds of replication) has so 
far shown that both routes may affect expression from the phage 
(Masters . j, unpublished). Further experiments will have to be 
carried out before a conclusion can be drawn, but the results are 
nevertheless interesting and may ultimately establish a link between 
expression of the division genes and its timing in relation to the 
cell cycle. 
In conclusion, we may speculate that transcription from these 
promoters (and therefore the frequency of transcription of ftsA and 
ftsZ) at least, may be governed by the cell's requirement for their 
products during septation. The L.. genes therefore respond 
positively to the use of FtsA protein (and perhaps others) during 
septation, whilst the onset of septatiori is itself initiated by the 
attainment of some critical cell state as the consequence of 
continual cell growth. 
CHAPTER 4 
u-vitro Trriscription from Defined 
Restriction Fragments of ftsQ 
The analysis described in the previous chapter has shown that 
transcription from the cloned f-fragment in XJFL100 is regulated. 
It still remains to identify which of the putative consensus 
sequences are directing transcription of the downstream genes. 
Since it has not been possible to reduce the size of the insert 
cloned in )JFLIOO, and thus remove one or other of the putative 
promoters, an alternative approach has been to transcribe defined 
sub-fragments in. vitro. This should have allowed the identification 
of sites capable of interacting with RNA polymerase to initiate 
transcription. 
4. 1 1 
 a Vitro Transcription from Defined DNA Fragments 
The procedure used was that described by Kajitani and Ishihame 
(1983a, 1983b). This method relies on the ability of RNA polyxnerase 
to interact with DNA and, under suitable conditions and in the 
presence of the four ribonucleoside triphosphates, initiate a mRNA 
chain. Polymerase molecules have a general affinity for DNA, but 
will bind preferentially at promoter consensus sequences. Thus, a 
population of "run-off" transcripts of discrete size, initiating 
from the promoter and running to the end of the template (in the 
absence of intervening terminator sequnces) is produced. These can 
be resolved by polyacrylamide gel electrophoresis, the size of the 
fragments may be calculated and the transcription start site 
determined. 
4.1.1 The Multiple Round Transcription System 
The transcription reactions were carried out in two stages. First, a 
mixture containing the DNA template (0.3pinol) and a 10-fold excess 
of RNA polyrnerase was preincubated at 37'C for 5 minutes. 
Preincubation allows polyrnerase molecules to interact with the 
template, the DNA strands in the +1 region are separated and open 
complexes formed (Von Hippel et al, 1982). These interactions can 
occur in the absence of the nucleoside triphosphates. The length of 
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preincubation required for complete saturation of promoters can 
vary, here a standard time of 5 minutes was used. RNA synthesis was 
then initiated by adding the four ribonucleoside triphosphates (AT?, 
GTP, CT?, UT? and Ca-32P]-1JTP) to the preincubatlon mixture. The 
yield of labelled RNA products can be maximised at this stage by 
allowing the continued free initiation of transcription for a short 
period. Further initiations were then inhibited by adding 
rifampicin to the reaction mixture. This antibiotic effectively 
prevents further initiations while those rounds of transcription 
already in progress are able to continue to termination (Hinkle and 
Chamberlain, 1972). RNA synthesis was allowed to continue for a 
further 4 minutes under these conditions before the reaction was 
stopped by addition of EDTA. RNA products were then resolved by 
polyacrylamide gel electrophoresis. 
4.2 Transcription From Control Templates 
The two plasmids pj2 (Lamond and Travers, 1983) and pHRIO (Wright 
. j, in press) were used generate marker transcripts of defined 
length. The plasmids were linearised by restriction with AvaI and 
ç.Q.Ri, respectively. Figure 4.1 and Table 4.1 describe the two 
plasmids and indicate the size of run-off transcripts expected from 
these templates. Preliminary experiments were carried out in order 
to determine the optimal reaction conditions for transcription to be 
initiated from the control templates. First, it was necessary to 
optimise the ratio of unlabelled to [a32P]-labelled UT? in the 
substrate mix. The template DNA used in this experiment was pty.r.2 
cut with I. The concentration of 32P-UTP was set at 0.254M and 
the final UT? concentration varied from 0 to 50iM by adding 
increasing amounts of cold UT?. All other components of the 
reaction and substrate mixes were maintained constant. The salt 
concentration was set at I004M throughout. Figure 4.2 shows that, 
as might be expected, the signal becomes diluted out as the 
concentration of cold UT? is progressively increased. The multiple 
bands which can be seen in lanes 1, 2 and 5 probably result from the 
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Figure 4.2 	j .-vitro Transcription from p2/I: standardising 
the ratio of cold to c*32P-labelled UT? in reaction mixture. 
Lane Final Molarity Cold UT? CczP-UTP] 
of cold UT? (mol) (0.25M; 	10.LCi) 
1 1M 3.75 x 101 1.25 x 10_1 	niol 
2 5 2.38x10'° 1.25x10 11 mol 
3 10 4.88 x 10_b0 1.25x10 11 uiol 
4 25 1.25 x 10b0 1.25x10 11 mol 
5 	 1 as above (1) 1.25x10 11 mo1 
6 	 5 as above (2) 1.25x10 11 mol 
7 	 10 as above (3) 1.25x10 1 mol 
8 	 25 as above (4) 1.25x10 11 mol 
9 	 50 2.48x1O 1.25x10 1 mol 
The final UT? concentration is 50p.M in a 50,.d reaction volume. In 
lanes 1-4 the products of the transcription reaction were diluted 
10-fold in formamide loading buffer before electrophoresis; in lanes 
5-9 the reaction products were diluted 100-fold before loading. 
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premature termination of the transcript as the availability of free 
tJTP becomes limiting at low substrate concentrations. 
In later experiments I used UT? at lOp.M (0.25p.M with respect to 
P-UTP at a specific activity of 800 Ci/mmol). 
The binding of RNA polymerase to DNA is highly sensitive to ionic 
strength. While complexes formed between the polymerase and 
promoter sequences lead to the "specific" transcription of DNA, RNA 
polymerase also shows a more general affinity for DNA. This binding 
is not sequence specific, but instead results from electrostatic 
interactions between the polymerase and the polyriucleotides of the 
template (Chamberlain, 1976). This non-specific binding, and the 
corresponding non-specific transcripts which are initiated are 
extremely sensitive to variations in ionic concentrations. A second 
series of transcription reactions were prepared in order to 
determine whether changes in ionic strength influenced transcription 
from the p2 template and to determine the conditions most 
suitable for production of stable transcripts. 
Figure 4.3 shows that concentrations of NaCl over 100mM 
significantly inhibit the specific reaction and concentrations of 
150mM or higher virtually eliminate transcription. The non-specific 
transcripts which can be seen in lane 1 are also sharply reduced as 
the salt concentration is increased. On the basis of these results, 
all transcriptions from this fragment were carried out at an ionic 
concentration of 75mM. A similar series of reactions was performed 
using pHR10/ç..R1 DNA as template. The results are similar to those 
seen with pJXL2 and are shown in Figure 4.4. It was now possible to 
assign sizes to the RNA products of these In vitro transcription 
reactions (the size of the expected "run-off" transcripts have been 
estimated arbitrarily assigning the first nucleotide adjacent to the 
-10 sequence as the first nucleoside of the RNA chain; except in the 
case of the control treanscripts where the exact start sites are 
known). 
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Figure 4.3 In vitro Transcription from ptyr.2/I Template with 





Figure 4.4 la vitro Transcription from pHk1O/çR1 Template with 
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Cleavage of ptyi.2  results in the production of a 308bp &vaI piece 
carrying the strong ty.rT promoter (which should produce a run-off 
transcript 52 bases in length). The remaining 4kb &.I backbone is 
equivalent to (and derived from) the I-.Q.R1 restriction fragment 
of pl(O-1 with an additional 333bp fragment (carrying X +1 ) inserted 
at the SaAI site. The lengths of transcripts which are expected to 
be directed by the vector sequences are given In Table 4.1. 
Thus, p.2 and pHRIO are derivatives of the same vector and should 
produce a complementary set of transcripts, with the exception of an 
additional 52 base transcript from ptXC2, and a 200 base transcript 
from pHR10. (The transcripts which are generated can be seen more 
clearly in Figure 4.7. The sequencing ladder allows a more accurate 
estimation of the transcript sizes). Two discrete low molecular 
weight bands (of 51 and 56 bases, approximately) can be seen In the 
pty.x2 tracks, which are absent for pHR10. These may be attributed 
to the expected 52 base transcript. The presence of two bands 
is most likely due to a slight imprecision in initiation or 
termination. The intense central doublet common to both plasmids 
probably represents the 107 base inhibitor RNA (RNA-I). It is not 
possible to assign, with certainty, a transcript to the 200 base 
P, product of pHR10. However, I have indicated the position of a 
band which is In the correct size range and which has no equivalent 
when compared with transcripts generated from the pKO vector. The 
lack of a well-defined band may reflect the weakness of this 
promoter IM vitro. 
4.3 Transcription from La-derived Templates 
At the outset, it was my intention to generate transcripts from 
short templates derived from the 	QR1 - ifldIII restriction fragment 
and so define the positions of in vitro start sites. 	Initially, 
three short DNA fragments were prepared by endoriuclease digestion of 
the plasmid pDK340 (which carries the 1.8kb .Q.R1 -li.tadIII 
chromosomal insert cloned in p1(01; Robinson gt al, 1984). The 
fragments chosen were a 620bp aI piece spanning both P A l and P; 
- 108 - 
Table 4. 1 Transcripts Produced from Control Template 
Length 	 Relative 
Transcript 	(nucleotides) 	 Intensity 
bla* 	 1140 
bl a* 1080 	 1.7 
pr i mer* 	 (1019) 
blal 	 990 
primer 	 610 	 0.3 
580 0.5 
P RNA* 	 520 	 0.6 
Inhibitor RNA10 	107-110 	 1.0 
pI 	 52 	 0.8 
200 	 - 
* These tanscripts are derived from the pKO-moiety of the control 
plasmids. 
Al]. sizes and intensities are approximate. 
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a 234bp 	I-B.I fragment carrying only P2, and finally, a 638bp 
ççI-jII piece carrying P, alone (Figure 4.5), I had also hoped 
to use a 378bp ffj,cII fragment carrying P 3 , but it was not able to 
recover the piece in sufficient quantities. I therefore concentrated 
on identifying the ftsA promoters whilst subcloning the ELjAcII 
fragment into an another vector. 
It was also important to ascertain whether further promoter 
consensus sequences could be recognised on the templates which were 
to be used for the transcription reactions. The sequence from 
280(iiI) to 1074(jII) was probed for identity, on both strands, 
with the consensus TGANNN-(15-20)--TANNNT. A total of three possible 
promoters were identified on the basis of this search. The 
positions of PAl and PA2 were confirmed on the non-coding strand 
while Q further consensus sequence was detected on the coding 
strand, thLs wQ5 designated 
P lies close to P 1 , directing transcription In the opposite 
direction. Putative transcripts reading to the K=I or AccI ends 
would be approximately 416 and 260 bases long, respectively. It Is 
necessary to be aware of these potential start sites (although no 
promoters which are functional j.a vivo have been detected on the 
coding strand, when cloned upstream of the galK gene) when 
interpreting the results of the run-off transcription assays 
4.3.1 Transcription From the ..I-,gjII Fragment 
The 638bp 	I-BglII fragment spans both the putative P,, 1 (760- 
790bp) and the PR2 (729-698bp) consensus sequences. 	Transcripts 
generated from these sites will be approximately 275 and 260 bases 
long, respectively. 	Lanes 4 to 8 of Figure 4.7 show the end- 
products of j,j. vitro transcription from the 	,çI-jII fragment. A 
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GAAT TCTGGAACTGGCGGACTAATATGTCGCAGGCTGCTCTGAACACGCGAAACAGCGAAGAAGAGGTTTCTTCTCGCCGCAATAATGGAACGCGTCTGG 100 
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GC TGGTGT TGAC CGGTGAACGCCATTACACACGTAATGACGATATCCGGCAGTCGATCCTGGCATTGGGTGAGCCGGGTACCTTTATGACCCAGGATGTC 300 
400 
ATGTGC CGAII  
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TGCGGTGGAATGATCAAC4ATGGi1AGACGCGtAAGGAAATACC TTCAGCGTGCCGCCAGAACGCACCAGCAAGCAGGTGCTTCCAAT 500 
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GC TGTATGGCCCGGAAGGCAGCGCCAATGAAGTGTTGCAGGGCTATCGCGAAATGGGGCAGATGCTGGCAAAGGACAGATTTACTCTGAAGGAAGCGGCG 600 
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Figure 4.6 The DNA nucleotide sequence of the region preceding the 
ftsh ORF. The sequence shown starts in the ddl ORF which ends at 
base 20 and is immediately followed by the ftsQ ORF (bp 25-852). 
This in turn overlaps the beginning of the ftsA ORF (starting at bp 
851). The amino acid translations are shown beneath their 
corresponding codons. The positions of the promoter consensus 
sequences referred to in the text are marked. 
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Figure 4.7 	ia-vitro Transcription from 	c&.I - g1II and Kpj.I 
Templates. 
Lane 	Template 	 (NaC1] 
T 	 pSZ24 sequenced 
C from the SD500 
G 	 primer. 
A 
a 	 .cI-giII 	 25mM 
b .- 	 50 
C 	 .- 75 
d .- 	 100 
e 25 
f 	 . 50 
8 	 . 75 
h . 100 
I 	 . 150 
J 	 . 200 
k 	pHR10/cQ.R1 25 
1 . 50 
m 	 75 
n 100 
0 	 p.yr2fM.I 	 25 
p 	 50 
q 75 
r 	 100 
T 	 pS224 sequenced 
C from the SD500 
G 	 primer 
A 
- 115- 
this gel slightly easier. 	While it should be recognised that DNA 
and RNA molecules of longer chain lengths do not co-migrate 
precisely, the sizing is quite accurate for the lower molecular 
weight fragments resolved here. Thus, a specific transcript can be 
seen in the ç.I-jII  tracks at a length equivalent to 250-260 
bases. This is of a size which might be expected from either P 	or 
PFRM 	This is discussed with respect to the KpnI results, in the 
following section. 	A second fairly strong band can be seen at 
around 190 bases. This transcript was stable up to salt 
concentrations of about 75mM in contrast to the 250 base species 
which was stable at up to 200mM NaCl (data not shown). There are no 
stable species of significantly greater length, but earlier gels 
resolved high molecular weight transcripts resulting from the end to 
end transcription of the linear template DNA (and which co-migrated 
with the 620 base K.RnI end to end transcript). 
4.3.2 Transcription from the K.RaI and 	I-jI Fragments 
The truncated UaI template carries the putative PA2 (410-437bp), 
and P0211 (760-790bp) promoters and also P,2 (727-698bp). 
Transcription of this template might therefore produce 460, 110 and 
416 base transcripts, respectively. The products of the jj. vitro 
transcription of the LRaI fragment shown in Figure 4.7 are difficult 
to interpret due to the unusually high incidence of abortive 
initiations (or terminations). The pattern of transcription can be 
seen more clearly on comparison with Figure 4.8. Thus, a distinct, 
isolated doublet can be seen at approximately 106 bases. This 
probably corresponds to a specific transcript initiated from P. 
There are still multiple bands at lengths greater than 200 bases (at 
50mM NaCl) and two Intense high molecular weight species which might 
represent end to end transcripts. However, the resolution on this 
gel is not sufficiently good to be able to differentiate between an 
end to end transcript and what might be a transcript originating 
from a promoter close to one end of the template (for example, PR2 
would produce a transcript of 416 bases, or PA2 one of 460 bases). 
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Figure 4.8 ja vitro Transcription from the KR&I Template 
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In contrast, Figure 4.7 shows no evidence of specific transcripts 
corresponding to those derived from either P A2 or P. 
The multiple banding pattern is seen only on transcription of the 
KpaI template. Curiously enough, there seems to be two independent 
families of transcripts produced, depending on the ionic strength of 
the mixture. The pattern on the lower half of the gel (below 100 
bases) seems confined to low ionic strength conditions and 
conversely, the higher molecular weight fragments are generated at 
higher salt concentrations. The reason for this distinctive pattern 
remains elusive. If it had been caused by substrate limitation then 
this should also have been reflected in the Lqr.I/1II transcription 
pattern. There are no obvious rho-independent terminators outwith 
the region which is common with the çI/.IL fragment. It is 
possible that the lower bands result from abortive Initiations at 
the 92aI ends. If the low salt conditions are conducive to the 
relaxing and opening of the ends then polymerase molecules may be 
able to associate with and initiate transcription from the end of 
the template. The result does show that, even with the simple 
templates used here, the IM vitro transcription reactions may be 
very sensitive to, and easily altered by a number of external 
factors. 
The 	IJBjI reaction resulted in the formation of a single end to 
end transcript. No lower molecular weight species were resolved at 
all. 
4.4 Discussion 
The two most significant and uriforseen problems in carrying out the 
in vitro transcriptions were the difficulties encountered in 
generating sufficient template for the reactions, and in assigning 
accurate sizes to the RNA products. The latter problem was 
alleviated to some extent by running DNA sequencing ladders 
alongside the reaction products. Transcripts of 250-300 bases could 
be accurately sized using this method. Etowever, the procedure is 
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further limited because, effectively, only the sites of initiation 
for short RNA transcripts can be mapped with any certainty (to 
within about 30 bases). To map the start points of longer 
transcripts more precisely would require the use of shorter 
templates. This is not practicable in the case of the 2.3kb Rl 
fragment because of the limited availibility of suitable restriction 
sites. 
One disadvantage of using defined linear restriction fragments as 
templates is that superhelicity lost. This may directly influence 
the level of transcription seen from a particular sequence since it 
has been shown that supercoiling can influence the initiation of 
transcription (Higgins j j, 1988; Menzel and Gellert, 1987; Rudd 
and Menzel, 1987; Glaser et al, 1983). In order to make a comparison 
between transcription initiated from helical and from linear 
templates 1 the (supercolled) plasinids pDK340 and pNS37 were used as 
substrates in series of in vitro transcription reactions. The 
transcripts which were generated showed the expected identity with 
those of the pHR10 and p2  vectors (which are also pI(O-
derivatives), but it was less easy to identify transcripts which 
might have originated from the fts inserts. However, relatively low 
levels of these transcripts could quite easily have been lost in the 
background noise (data not shown). 
In vitro transcription of the 4ç.çI-II fragment produced a unique 
transcript of 250-260 bases. This could be attributed to either the 
P or P, consensus sequences. However, if this transcript had 
originated from P 2 then a transcript of 420 bases should also have 
been evident in the "Ip.aI" reaction, but a band corresponding to 
this size is not observed. The presence of a 100 base transcript in 
the K9AI reaction in conjunction with the 420 base transcript 
generated from transcription of the çç.I-BjII fragment would 
therefore suggest that transcription is originating at the PAl 
promoter. 	The absence of a specific 460 base transcript from the 
nI fragment further suggests that the P 	sequence is not 
recognised by RNA polymerase in vitro. This is a surprising result 
since most evidence points to PA2 being responsible for. the 
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transcription of ftsA i. vivo ((this will be discussed in section 
5.8). 	Moreover, transcription from PAl alone is not sufficient to 
express ftsA' in viva. 	This result may reflect a requirement, ip 
vivo 	for the participation of effector molecules to aid the 
recognition of P 	by RNA polymerase, but it does not explain why 
PAl should not be used in. viva. 
In conclusion, the interpretation of the data generated using this 
technique is difficult and the system is perhaps still too far 
removed from the in vivo situation to provide useful information. 
For these reasons, this course of investigation was pursued no 
further. 
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CHAPTER 5 
Locating the ftsA Promoter 
A Deletion Analysis Through ftsO 
The exact position of the promoters within the group is not yet 
known although their approximate locations have been determined by 
promoter assays on subcloned restriction fragments. In one or two 
cases the transcription start points have been determined jj. vitro 
(Sullivan, 1985; Lutkerthaus and Beau, 1987) and promoter consensus 
sequences can often be recognised near the approximate position of 
the promoters, but in no case is the exact location known. The work 
in this chapter reports an attempt to define the position of the 
ftsA promoter more precisely. 
5.1 Pinpointing the ftsA Promoter: A Deletion Analysis of ftsQ 
Earlier work has shown that there is at least one transcriptional 
start site within the ftsQ coding sequence and we can find two 
reasonably good promoter consensuses, PAI and P 2 lying in a region 
which is rich in inverted repeats. To date it has not been possible 
to assay f or transcripts produced from this region of the cluster in. 
vivo. This probably results from a combination of factors, the most 
significant of which is that the ftsA promoter, although quite 
strong enough to transcribe ftsA to a level sufficient for good cell 
division, is extremely weak in comparison with most E.coli promoters 
when measured as a promoter of galK in pKO-plasmids (Robinson at 
1984; Yi and Lutkenhaus, 1985). We therefore expect that only small 
numbers of transcripts are produced in normal cells. I chose to 
locate the ftsA promoter by carrying out a sequential deletion 
through ftsQ. The most sensitive means of judging whether the 
promoter(s) was still functional, was simply to observe whether 
plasmids carrying a truncated ftsQ (in conjunction with the complete 
ftsA gene) were able to support cell growth and division in an 
ftsA(ts) strain at the restrictive temperature. By removing 
increasing amounts of DNA from the 5' end of ftsQ it should be 
possible to determine, to within a few base pairs, the location of 
the 5' end of the promoter (or other sequences) required for ftsA 
expression. 
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5.2 Construction of pSZ24 and the pTZ-series Plasmids 
The 2.3kb EcoRl chromosomal fragment carrying the ftsQ and ftsA ORFs 
was subcloned from the plasmid pGH4 (G. Hatfull, 1981) into the 
cQRl site of prZ18R (Figure 5.1). One clone was found to have the 
insert in the desired orientation (reading from Q into A in the 
clockwise direction as they are found on the chromosome), this was 
verified by diagnostic restriction digestion (Figure 5.2) and by 
sequencing part of the insert (FIgure 5.3). This plasmid was 
designated pSZ24. 
It was essential to ensure that the transcription which resulted in 
expression of I tsA originated from within the cloned chromosomal 
fragment and not from within the plasmid moiety of pSZ24. In this 
construct the intact ftsQ gene has been cloned without its upstream 
promoter and should not therefore be able to transcribe ftsQ. 
However, transcription initiating upstream of, and reading through 
the insert could, in principle, allow the expression of both ftsQ 
and ftsA. By introducing pSZ24 into TOE13 (ftsA13(ts)) and TOE1 
(ftsQl(ts)) it was possible to show that whilst the plasmid could 
express ftsA it was unable to complement the ftsQ mutation of TOE1. 
This supports the conclusion that sequences upstream of the insert 
do not contribute to transcription of ftsh. 
Figure 5.4 illustrates the procedure by which the controlled 
degradation of the 5' end of the ftsO gene was achieved. 
pSZ24 was first cut with the enzymes XbaI and SpLI which have unique 
restriction sites within the polylinker upstream of the insert. The 
Xba I-SRLI double-digest releases a 14bp fragment and creates a 
substrate suitable for exoriuclease III digestion (Figure 5.4). 
Since exolil acts solely on termini with a recessed 3' end, the 
nuclease recognises and degrades the vector DNA only from the XkI 
end (Henikoff, 1984; Barack and Wolf, 1986). The rate of nuclease 
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Figure 5.1 The Multicopy Plasmid pTZ18R 
pTZ18R is a double-stranded vector containing the polyinker and 
lacZ' 
gene from pUC18. Cloning DNA fragments into the polylinker 
disrupts the ]cZa region and provides 
a detection for recombinant 
plasinids on the basis of their Lac phenotype. The plasmid carries 
the ft origin of replication and on superinfection with a helper 
phage (M13K07) the vector is produced and packaged in single-
stranded form. The single-standed DNA is excreted into the growth 
medium and is readily extracted by normal M13 procedures. The 
terminal end of the insert can be sequenced from the M13 reverse 
sequencing primer site. The plasmid also has a T7 promoter located 




igure 5.2 Restriction Analysis of pSZ24 
























Plasrnld DNA was purified on a caeslum chloride density gradient, 
digested and the fragments resolved by electrophoresis in a 1% 
agarose gel. 
TRACK 	DNA 	ENZYMES 	 EXPECTED FRAGMENT 
SIZES (bp) 
1 	Xc1857 EcoRl 	& HjdIII see above 
2 pTZIBR EcoRl 2871 
3 	pSZ24 Er R1 2871 	2285 
4 pTZI8R agli 1592 	1279 
5 	pSZ24 ki 1 2260 1279 904 660 
6 pSZ24 XbaI 5156 
7 	 Xc1857 EcoRl 	& 	jjdIII see above 
Figure 5.3 Autorediograph of a S.qu.ncing Gel Confirming the 
Orientation of the F&QRI Fragment in pSZ24 
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	 pTZ 
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TT *lbp 
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Fig 5.3A 
SEND 	- I +ôObp 
The direction of the sequence analysis with 
respect to the fi6,  coding strand was 	' 	 Fig 5.3B 
Figure 5.3A shows the DNA sequence initiated from the oligo SDSOO 
(table 5.3) which binds within the coding region of Ltd. Figure 
5.38 shows the transition between LU& sequence and pIZ18R sequence 
at the R1 site within pSZ24. 
changing either the concentration of the enzyme or the reaction 
time. Routinely, 5U/pJ of exonuclease III were used in digests 
aiming to remove up to about 250 bases of DNA, and 1OU/p.l for larger 
deletions. As a rough guide, around 440 bases of DNA would have to 
be deleted to remove P112 and close to 800 bases to remove the PA 
consensus. At this concentration of enzyme and DNA the rate of 
exonuclease activity was approximately 40 bases per minute at 37C. 
Exonuclease III removes only one strand of the linear duplex DNA 
molecule, leaving a long single-stranded end. In early experiments 
I used SI nuclease to remove the 5' extensions but found that even 
at low enzyme concentrations the vector DNA as well as the single-
strand ends were being degraded. As mentioned earlier, this cloned 
region is particularly rich in inverted repeats and it is possible 
that the enzyme was able to recognise and cleave single-stranded 
regions exposed within them. Increasing the salt concentration to 
suppress non-specific nicking of the DNA by the enzyme also failed 
to improve the final yield of transformants. Mung bean nuclease was 
found to be a very suitable alternative to SI nuclease, although it 
needs to be handled with a little more care than SI. In particular, 
all surfaces that the enzyme will come into contact with should be 
siliconised since its activity is particularly sensitive to 
inhibition by both plastic and glass (Kowalski et aj, 1976). Figure 
5.5 shows the progressive deletion of pSZ24, both before and after 
treatment with mung bean nuclease. 
In order to maximise the number of completely blunt-ended DNA 
molecules and so improve both the efficiency of religation and 
recovery of deletion derivatives, a repair synthesis was carried out 
with the Klenow fragment of DNA polymerase and each of the four 
deoxynucleotideS. Finally, the DNAs were blunt-end ligated and 
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Figure 5.4 Exonuclease Digestion of pSZ24. 
See text for details. 
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Figure 5.5 Exonuclease III and Mung Bean Nuclease Digestion ot 
pSZ24 









rere, pSZ24 DNA digested with the restriction en:ynes Xbal and a hi 
has been used as substrate for exonuclease III. ltg samples of DNA 
were removed after increasing periods of incubation with the enzyme. 
Half of the sample was treated with inung bean nucleese. The paired 
samples were then digested with 	jII and the fragments separated by 
electrophoresis in a 3% wide-range agarose gel. 	B4111 digestion 
releases a variable sized exolli-deleted fragment and a 4041bp 
backbone. 
(con t 
Figure 5.5 Exonuclease III and Mung Bean Nuclease Digestion of 
pSZ24 
TRACK DNA ENZYMES PERIOD 	OF 	INCUBATION 
WITH Exolil 	(nun) 
14 Xc1857 HjRdIII - 
13 pSZ24 XbaI - 
12 pSZ24 exolIl 5 
11 pSZ24 exolli & MEN 5 
10 pSZ24 exollI 7 
9 p5224 - exolil & MEN 7 
8 pSZ24 exollI 8 
7 pSZ24 exolil & MEN 8 
6 pSZ24 exoIll 9 
5 pS224 exoill & MEN 9 
4 p5224 exoIll 10 
3 pSZ24 exolil & MEN 10 
2 pSZ24 - - 
1 )cI857 jjadIII - 
Note that the lanes are numbered from 14 to 1. 
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5.3 ComplementatiOn of TOE13 by Deletion Derivatives of pSZ24 
Transformed cells were selected on ampici].lin plates at 30C. Ten to 
fifteen clones from each time point were selected and tested f or 
colony formation on ampicillin plates at both 30C and 42'C. As 
shown in Table 5.1, the proportion of colonies able to grow at 42C 
(I.e. having plasmids expressing the ftsA allele) decreased 
abruptly after short periods of exolli digestion. According to our 
preconceived Ideas, this would place the 5' end of the promoter at 
least partially within the very beginning of the ftsQ ORF. However, 
after longer periods of digestion, the proportion of temperature 
resistant colonies suddenly increased. 	This intriguing result was 
confirmed on a number of independent occasions. 	I chose to 
investigate further by sequencing across the deletion end-point of 6 
plasmids from the 10 unit/lO minute batch. 	 I 
One of the advantages of, and one of the main reasons for carrying 
out the deletion in the pTZ18R vector is that the plasmid can, in 
the presence of an M13-derived helper phage, replicate as a single-
stranded DNA molecule. Cells carrying pTZ18R (and its derivatives) 
in this form package and extrude single-stranded DNA into the growth 
medium in a similar way to phage M13. 	The DNA can, in theory, 
easily be recovered for use in dideoxysequertciflg reactions. 	This 
made unnecessary the subcloning of the truncated ç.Q.R1 fragments 
into M13. However, it rapidly became apparent that the advantage to 
be gained from bypassing the subcloning step was greatly diminished 
by the poor quality of the template produced. This will be 
discussed in greater depth later in the chapter (Section 5.5). 
Although it was not possible at this stage to have anything other 
than a rough idea of where the end-points of deletion would lie, I 
expected that the most extensive deletions would have removed a 
maximum of about 400 bases of DNA. The oligonucleotide RSI (see 
Table 5.2) binds to a sequence at 500bp, about halfway through ftsQ, 
and was used (along with the oligos SD300 and SD299) as a primer In 
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Table 5. 1 Complementation of ftsA and ftsQ Mutations by Plasmids 
Exposed to Exonuclease III for Increasing Periods of Time 
Incubation Time 
(mm) TOE1 TOE13 
5U: 
5 - 	(0%) + 	(90%) 
7 - 	(0%) + 	(70%) 
9 - 	(0%) + 	(70%) 
10 - (0%) +1- 	(50%) 
12 - 	(0%) - 	(0%) 
lOU: 
5 - 	(0%) - 	(0%) 
7 - 	(0%) - 	(30%) 
8 - 	(0%) +1- 	(50%) 
9 - 	(0%) + 	(70%) 
10 - 	(0%) + 	(100%) 
pSZ24 	 - 	 + 
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the sequencing of the first 6 plasmids. Only 3 of the 6 templates 
produced a readable sequence, but it was sufficient to confirm that 
those plasmids which had been exposed to exolli f or the longest 
times did indeed have the largest deletions (up to 3 bases of 
ftsQ) and could complement the ftsA mutation (Figure 5.6). Plasmids 
with short deletions into ftsQ lost the capacity to complement ftsQ 
(Figure 5.6). 
This would suggest that there are at least three distinct 
transitions within the 5' end of ftsQ since the sequential deletions 
show that ftsA expression is turned off (close to the 5' end of 
ftsQ), then on again as progressively more of the 
ftsQ gene is removed. A provisional interpretation of the data at 
this time suggested that there might be a promoter located somewhere 
towards the middle of ftsQ which was regulated by a complex upstream 
region. Thus, we could recognise a "positive" region which was 
required for ftsA expression In the presence of a "negative" region 
located between it and the transcriptional start site. In order to 
define the extent of these regions more clearly (and perhaps give 
some insight into how this complex region operates) I prepared a 
further series of clones which formed a more extensive set of 
deletions of ftsO. Figure 5.7 shows the end points of these 
deletions, together with their effect on expression of downstream 
ftsA. 
Deletion of as little as 51 bases from the chromosomal end of the 
insert prevents expression of the ftsA gene which is more than BOObp 
downstream. This deletion removes the 3' terminus of the ddl. gene 
together with the first 25 to 30 bases of the ftsQ ORF. Further 
deletion of up to 244 bp of the Insert also inactivates ftsA 
expression but deletion of an additional 7bp allows ftsA to be 
expressed once more. Further deletion up to at least 419bp also 
allows ftsA expression. This Is the most rightward of the deletion 
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Fre . 3 Autordiograph of Sequencing Gels Showing the Deletion 
End-points of Plsc1ds Exposed to Exonucle8se III 
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These figures provide examples of the effect of exonuclease 
digestion on the plasmid pSZ24. They also indicate how the point of 
transition between ftsQ and pTZ18R vector sequence was determined. 
In each case the direction of the sequence analysis with respect to 
the ftsQ coding sequence was 5' 3', and the final base of ftsQ 
sequence is marked by an asterisk. 
Figure 5.7 Deletion of the region preceeding the LA gene 
The top line shows the LQ ORF together with parts of the upstream ddl 
and downstream fA ORFs. The numbers are in base pairs starting at the 
c.Q.RI restriction site which defines "0" in Figure 5.13. 
The rectangles represent mutants which have been generated using the 
deletion protocol (the mottled regions are simply to help define the 5' 
end of each rectangle). Those mutants in which the precise transition 
point (between fts and pTZ18R DNA) has been sequenced is indicated with a 
solid line at the leftmost end. 	Open rectangles represent plasmids in 
which the precise point of transition has not yet been determined. 	In 
these latter cases the insert DNA must extend leftwards of the base 
indicated, towards the EcoRI site. 
The Figure also indicates which of the plasmids are capable of supporting 
growth of an fA(ts) mutant at the restrictive temperature. 
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Fig. 5.7 
and it should be noted that it excises the -35 region of PA2 (no 
alternative -35 consensus is created by this deletion). 
5.4 Location of the f teA Promoter: Internal Deletion of ftsQ 
Exonuclease digestion of ftsQ had revealed that deletions from as 
little as 251bp up to 419bp from the ç.QRI site resulted in the 
reactivation of ftsA expression. Consequently, in these long 
deletions, the transcriptional start point must be beyond 419bp. To 
complete the deletion through ftsQ I took advantage of three 
restriction sites 437bp; NMI, 548bp; tfj:i 793bp) which 
together span the 3' end of ftsQ (Figure 5.13). Both the tr.I and 
t{r.I sites are unique on pSZ24, but the Aggj site is duplicated on 
the polylinker. This restriction site had to be disrupted before 
internal deletions in ftsQ could be made. 
The structure of the M13mp18 polylinker (of pTZI8R) is shown below: 
HindflI 	Pstl 	XbaI 	Smal 	Sad 
AAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATccCCGGGTACCGAGCTCGAATT 







Figure 5.8 	.. CCAGCTAGCTGA 
S. •, 
The Ac cI recognition sequence on the polylinker (GTCGAC) is also 
recognised by the enzyme Sall. 	By good fortune the AccI cleavage 
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site on the chromosomal insert differs in the central dinucleotide 
pair (GTAC) and is not cut by 5ALI (which has no alternative 
recognition site on the insert). It was therefore possible to 
destroy the site on the polylinker whilst leaving the chromosomal 
site intact. pSD20 (pSZ24A..I) was constructed by digesting pSZ24 
with alI filling-in the ends with Kienow and religating the 
molecule (Figure 5.8). The resulting plasmid (pSD20) was checked by 
restriction analysis and, as expected, was shown to have lost an 
c.c.I site (Figure 5.9). 
pSD20 was used in the construction of the plasmids pSZ30, pSZ32 and 
p5234. Firstly, pSZ30 was constructed by deleting the lllbp ç.ç.I-
Mt.I fragment within ftsQ (this excised the region from 
end of the P A "-10" consensus: a stretch of DNA 
containing a large number of inverted repeats). The 5' extension 
remaining after AccI digestion was filled in using Kieriow and the 
molecules self-ligated. pSZ32 was constructed in a similar way, 
tI- ir.I digestion removed a region of DNA containing the P1 
consensus. This left PA2 and the inverted repeats Intact. Finally, 
in p5234 the DNA between the &SI site and the NaLI site was 
excised. Once again, the 5' restriction ends were filled In using 
Klenow and the molecule re].igated on itself. 
Two additional plasmids were constructed to further check that the 
removal of DNA from within the polylinker (when preparing the 
plasmid for exolil digestion) was not in some way responsible for 
the alteration in ftsh expression. p5226 was derived from pSZ24 by 
deleting the 14bp I - IiI fragment which is lost In the first 
steps of the deletion protocol. The 3' ShI overhang was removed by 
treating the plasmid with mung been nuclease, as described in 
section 5.2, then the molecules were blunt-end ligated. Removal of 
the 104bp çg.R1-HI fragment of pSZ24 created a plasmid (pSZ28) 
which mimicked the plasmids with short deletions created by exolli 
digestion. Each of the constructs described above were introduced 
into TOE13 and their effect on ftsA expression gauged. The results 
are summarised in Figure 5.10. 
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Figure 5.9 Restriction Analysis of pSZ24 Derivatives 



















Plasmid DNA was prepared on a s.all scale, digested and the 
fragments resolved by electrophoresis in a 1% agarose gel. 




1 Xc1857 Fs&Rl & Ujj.dIII see above 
2 pSZ24 4688 468 
3 pSD20 8c..I 5159 
4 pSZ26 AccI 5142 
5 pSZ24 EmR1 2871 2285 
6 pS228 aRhi 5032 
7 pSZ24 XbaI 5156 
8 pSZ24 B&II 2260 1279 904 660 
9 p5230 gjI 2260 1506 1279 
10 p5232 gjI 2260 1279 	ébO 659 
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Fig. 5.10 
The internal deletion made from bp 437-548 using &LQI and tfjI 
digestion prevented ftsA expression. In contrast, deletion from the 
Al site at 548bp to the 	site at 793bp did not prevent the 
expression of ftsA. 
The results obtained for those plasmids with fragments removed from 
either the polylinker or from the first lOObp of ftsQ were very much 
in keeping with the results obtained from the short exolli 
deletions. The removal of the 14bp l-.I fragment from pSZ24 
did not itself affect ftsA expression, but removal of the 104bp 
c.Q.Rl - HI 3' terminal end of the insert did. The latter result 
was most reassuring, since it confirmed what had been seen with the 
nuclease digested plesmids. The principle reason for the results of 
this analysis being so entirely unexpected was that a plasmid 
(pNS28) already existed which carried the 2.2kb aar1I-c.Q.Rt fragment 
in pK06 (Robinson , 1984; Sullivan, 1983). This construct gave 
the "predicted" complementetion result, i.e. that deletion of the 
first 100 bases of ftsQ did not prevent ftsA expression (Robinson ej 
J.., 1984; Sullivan and Donachie, 1984a). pNS28 was constructed by 
digestion of the plasmid pNS27 (pNS27 comprised the 2.3kb 
E(MR1 fragment cloned in pK06), this resulted in the lOObp ç.QR1- 
HI fragment being excised together with a segment of vector DNA. 
This short sequence of "stuffer" DNA had originally been derived 
from phage lambda and contained a weak transcriptional terminator 
(Sullivan and Donachie, 1984a). To resolve the apparent 
inconsistencies in results between what are otherwise two almost 
identical constructs I suggest that in the absence of this 
terminator a low level of transcription takes place from vector 
sequences into the chromosomal insert (Ponnambalam and Busby, 1987) 
have described a promoter pX in pi(OI which could be a candidate for 
directing this transcription), and it is this which accounts for the 
expression of ftsA. in pNS28. 
To test this idea I reconstructed pNS28 by deleting the 400bp UAmHI 
fragment from pNS27 (this plasmid was designated pSD280) and 
confirmed that it did complement the ftsA mutation of TOE13. I then 
cloned the "omega" terminator cassette of pHP45 into the aamHI site 
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of the newly constructed vector. Omega (Frenthi and Krisch, 1984; 
shown below), is a 2kb DNA segment consisting of an antibiotic 
resistance gene (Sm'/Sc") flanked by short inverted repeats carrying 
transcription and translation termination signals and synthetic 
polylinkers (since omega is symmetrical, it acts as a terminator 
when cloned in either orientation). pHP45 was digested with 
the 2kb fragment recovered and cloned into the BaZHI sites of both 
pSZ24 and pSD280. 	Recombinant molecules were selected by their 
multiple resistance to ampicillin, spectinomycin and streptomycin, 
Figure 5.11) 	As predicted, pSD280-omega prevented the growth of 
TOE13 at 42C. pSZ24-omega had no effect on ftsA complementation at 
42C. 	
Omega 
E S B H 	 H B S E 
St r n/Sper 
2kb 
T4 Transcription Termination 
Signals 
IS 4: 	TransLational Stop Signals 
The "Omega" Fragment 
5.5 Instability of the pTZ18R fi Origin 
Since I had been able to locate the downstream end of the "negative" 
element to within about 5 bases (from 246 to 251 bp) I next hoped to 
prepare a series of very short deletions into and to define the 
upstream end of the element. 
However, the problems which I had been having in sequencing from the 
pTZ-derived templates became progressively more crippling as I tried 
to prepare and sequence plasmids carrying deletions of less than 200 
bases into the insert. Latterly, an average of only 2 out of every 
ten templates prepared would direct the synthesis of radiolabelled 





















Plasmid DNA was prepared on a small scale, digested and the 
fragments resolved by electrophoresis In a 1% agarose gel. 
TRACK 	DNA 	ENZYMES 	 EXPECTED FRAGMENT 
SIZES (bp) 
1 	Xc1857 EQQRI & Hijidlil see above 
2 pNS27-0 k&HI 5684 2000 
3 	pNS27 LMHI 5684 124 
4 pSZ24-0 k=HI 5032 2000 
5 	p5224 k=H 1 5032 124 
6 Xc1857 fjjdIII see above 
DNA fragments and even with these templates it was often possible to 
read only 150 to 200 bases from the primer. In order to read 
sequence closer to the E<LqRl site I had two additional primers 
synthesized. SD375 and SD605 lie within 300 and 120 bases, 
respectively, of the ç.Q.R1 site (Table 5.2). 
The difficulties encountered in sequencing from the pTZ templates 
could have had their origin with a fault in the sequencing reactions 
or else in the plasmid itself. Various causes were considered, 
tested and eliminated, the most significant of which are described 
below: 
First, it was possible that a component of the reaction mixture(s) 
had been omitted or else one of the mixtures had become contaminated 
(the G and C reactions were particularly badly affected, commonly 
giving no sequence at whilst the partner A and T reactions sequenced 
relatively well). The reaction mixtures were freshly prepared and 
both this fresh stock and the current mixes tested by sequencing a 
known M13mp18 template. Both sets of mixes sequenced cleanly (in 
all four reactions). Secondly, it was possible that the 
concentration of the dNTP/ddNTP mixes, although optimal for 
sequencing 1413 templates required adjustment for the pTZ-derived 
templates. By sequencing a "good" pSZ24 template (this was one of 
the first templates which I prepared, it consistently produced 
clean, long sequences and because of this was used as a control 
ladder on a number of gels) I was able to show that altering the 
d.NTP/ddNTP ratios had little effect on the sequence produced. 
Finally, the Kienow was checked (although it seemed unlikely that 
this was at fault since the M13 templates sequenced well). Once 
again, reactions prepared using alternative sources of Kienow 
fragment were unable to improve or extend the length of sequence 
being read (I also tried varying the amount of enzyme used in each 
reaction from 0.5 units per clone to 1 and 5 units per clone. 0.5 
units consistently gave the best results). 
Since the sequencing procedure itself did not seem to be the cause 
of the poor results, and since the generally poor resolution and 
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dark background in the sequencing lanes suggested that the problem 
was most likely associated with the template, I next prepared a new 
stock of M13K07 helper phage. The plasmids which I had been unable 
to sequence earlier were infected with the new phage, which provides 
the phage-encoded functions necessary to allow the vector to 
replicate as a single-stranded molecule. Once again, I was 
completely unable to sequence from these templates. 
Concurrent with this, diagnostic restriction analysis made of pTZ18R 
and pSZ24 revealed a marked difference in the size of the two vector 
sequences. Cleavage of pSZ24 by LcqRl resulted in the release of 
the 2.3kb chromosomal insert from the 2.9kb pTZ18R backbone, as 
expected. However, when pTZ18R was cut withç.gR1 and the digestion 
products compared, it was apparent that the two vector sequences 
were of different sizes (Figure 5.12). 
The plasmids were further restricted with UJI and .I/jjdIII in 
order to determine whether the difference in size resulted from a 
deletion (in pTZ18R) or an insertion (into pSZ24). The results are 
shown in Figure 5.12. It was quite clear that while pSZ24 gave the 
expected banding pattern, pTZ18R had suffered a deletion between the 
EgAI site at 1967bp (within the -lactamase gene) and the 5SII site 
at lSbp (in the polylinker). This observation, coupled with the 
difficulties which had been experienced in sequencing from the 
pTZ18R-derived recombinants strongly suggested a common cause, and 
that it might be associated with the plasmid fi origin (which lies 
within the çI-1I region). 
The absence of suitable restriction sites made it difficult to 
pinpoint the position of the deletion, but since the plasmid still 
expressed -lactamase the sequence responsible could be narrowed 
down to some 700 bases. A fresh stock of pTZI8R (pTZ-P) obtained 
from Pharmacia confirmed the deletion of approximately 200 bases 
from our own stock of pTZ18R (pTZ-S) and acted as a control to allow 
me to determine whether the fi origin was still Intact in the 
vector. A unique jI site lies within the plasmid ft origin of 
replication, cleavage of pTZ-P and p12-S with this restriction 
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Figure 5.12 Restriction Analysis of pTZ18R-P and pTZ18R-S 
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Plasmid DNA was purified on a ceesium chloride density gradient, 
digested and the fragments resolved by electrophoresis in a 1% 
agarose gel. 
TRACK 	DNA 	ENZYMES 	 EXPECTED FRAGMENT 
SIZES (bp) 
1 Xc1857 jjjjdIII see above 
2 pTZ18R-P E&O 1 2871 
3 pTZ18R-S Lc2R 1 - 
4 pSZ24 FS&R1 2871 2285 
5 pTZ18R-P 5LJI 1592 	1279 
6 pTZLBR-S gj.I - 
7 pSZ24 g.jI 2260 1279 904 713 
8 Xc1857 F&2RI & fldIII see above 
9 pTZ18R-P ffnI 2871 
10 pTZ18R-S fj.I - 
11 p5224 fjI 5156 
12 Xc1857 tjdIII see above 
enzyme showed that whilst the Pharmacia stock was cut, our own was 
riot. pSZ24 was also cleaved by LI (Figure 5.12). 
If the fi origin of this construct is particularly unstable (which 
seems likely since the pTZ18R DNA which now contains the deletion 
was maintained for only a very short time in a host strain. The 
spontaneous deletion of the fi origin must have taken place between 
transformation of NM522 with the original Pharmacia stock and the 
subsequent caeslum chloride preparation of 	DNA from the 
transformant. 	If its loss confers some selective advantage on the 
derivative then it would seem likely that this result accounts for 
the problems associated with the sequencing. Certainly, without the 
fi origin the plasmid would not be able to direct the synthesis of 
single-stranded DNA. 
5.6 Reactivating ftsA-Inactivating Deletions by Mutation 
It has been demonstrated that plasmids carrying a short deletion 
into the ftsO gene can prevent transcription from the ftsQ internal 
promoters. Plasmids carrying such deletions cannot express ftsk' 
alleles in çj., presumably because these plasmids still retain the 
"negative" regulatory element. Such a plasmid, designated pSD910, 
with a short deletion into ftsQ (the exact end-point of the deletion 
is not yet known), has been used to select mutations which 
inactivate this "negative" element. 
Two methods of introducing random mutations into pSD910 were used. 
(a) Transposon mutagenesis with X1105 
>,.1105 (pTac mini-kan) is a TnlO derived transposon in which a mini-
kanamycin cassette has been substituted for the tetracycline 
resistance marker of TnlO. The trarisposori is maintained as an 
insert in a lambda phage. The details of its construction and use 
are provided by Way et al, 1984. 
- 146- 
Insertions into pSD910 were made using the "X-hop" procedure 
described in chapter 2. pSD910 was maintained In the sup° host 
W3110 (the series of X::Tn vehicles to which X1105 belongs carry 
amber mutations in their DNA replication genes and so must be 
maintained in a non-suppressing host to prevent their replication). 
Cells were infected with the phage and after a period of incubation 
to allow for the expression of antibiotic resistance and for 
transposition to occur, were plated onto the appropriate selective 
media. Plasmids which had gained the transposon were screened for by 
pooling groups of drug resistant colonies and transforming the DNAs 
into TOE13. By incubating the transformation plates at 42C it was, 
in principle, possible to select for those transposition events 
which had resulted in the reactivation of ftsA (assuming that it was 
possible for insertions to restore ftsA function). 
However, although these elements are designed to give "100 to 1000" 
times higher transposition frequencies than wild-type Tn10 (Way et 
, 1984), the number of multiple resistant clones (kan/amp') 
recovered using this method was low. Among those screened for 
growth at 42C, the number of resistant clones was insufficient to 
distinguish between those carrying the transposon and those which 
were natural revertants. 
(b) Mutagenesis using a imitator host strain 
An alternative to using chemical or transposon induced mutagenesis 
of a DNA molecule is to introduce and maintain the recombinant 
molecule in a inutator host strain. The strain which was used in 
this study carried the mutD5 (dnaQ) mutant allele of DNA polymerase 
III (Degnen and Cox, 1974). The mutD gene encodes the 3' -s 5' 
exonuclease activity of DNA polymerase III (Echols et 01, 1983) and, 
although its exact function remains obscure, the observation that it 
has a highly efficient proof-reading activity has prompted the 
suggestion that the polyinerase may be involved in error-prone repair 
(in support of this, Echols et j, 1983 have demonstrated that 
alterations in the epsilon subunit of the holoenzyme can 
dramatically affect the fidelity of DNA replication). The mutD 
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mutation increases the level of spontaneous mutation (transition, 
transversion and frame-shift mutations, Fowler i il, 1974) by three 
to four orders of magnitude (Degnen and Cox, 1974). 
The procedure for mutagenising a plasmid is straightforward. pSD9I0 
was transformed into the mutD recipient and the strain grown 
overnight. Plasmid DNA was reisolated and used to transform the 
ftsA(ts) mutant strain TOE13. Transformation plates were incubated 
at 42C. Using this technique 50 mutated plasmids were obtained in 
which ftsPC expression had been restored. Control plates of TOEI3 
transformed with non-mutagenised pSD9I0 had no colonies when 
incubated at 42C. 
Ten of the temperature resistant colonies were chosen for further 
study. Plasniid DNA was prepared from ten of the ftsA clones and 
this was used to retrensform TOE13, to confirm that the fts&' 
phenotype was transmissible and therefore associated with the 
plasmid (since the procedure used would also select for chromosomal 
revertants). All ten plesmids restored growth at 42C in TOE13. 
Five of these plasmids were selected f or further analysis. In order 
to define more accurately the location of the reactivating mutation, 
I subcloried the truncated ftsQ gene from each of the mutants into 
pSZ24 deleted for this region. The plasinid pSD910 had been created 
by cleaving pSZ24 with 	I/I and treating the resulting 
lineerised molecule with exonuclease III. 	This procedure should 
have deleted the polylinker sites 3' to the SpAI site, but left the 
upstream jjj.dIII intact. By cutting the plasmids with kjjdIII and 
B&III (a unique restriction site located at 1075bp, some 225 bases 
into the coding sequence for ftsA) it was possible to isolate the 
fragment carrying the putative regulatory region. The fragments 
were isolated by agarose gela electrophoresis then ligated into 
pSZ24 linearised by digestion with UM and SmaI to delete the 
corresponding fragment. 	After ligation, the population of linear 
recombinant plasmids (with non-complementary 	I and Uladill ends) 
were treated with DNA polyrnerase I in the presence of the four 
dNTPs, 	then blunt end ligated and transformed into TOE13. 
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Restriction analysis was performed on the plasmids to check the 
identity of the cloned fragment, then recombinents were patched at 
30*C and 42C (data not shown), in each case the plamsids were able 
to restore ftsk function. These preliminary results are 
encouraging, and suggest that mutations within the partially deleted 
ftsQ ORF can restore expression of ftsA. However, the exact 
location of the mutations still requires to be determined, both by 
subclonirig and by sequencing. This should ultimately help us to 
define the location and extent of the "negative" region. 
5.7 Addendum: Identification of Promoter Mutations by j-vitro 
Mutagenesis (Renate Spiegelberg; Dewar It. gj, submitted) 
Earlier work (R. Spiegelberg, unpublished) attempted to locate those 
sequences which were important f or the expression of ftsA by 
screening for mutations which increased the level of transcription 
originating from the 1.75kb c.Q.R1 - .g.1.II fragment. Transcriptional 
fusions between this region and galK show a very low level of 
transcription (Robinson et al, 1984) but one which is, nevertheless, 
adequate to give normal cell division in a cell carrying only a 
single copy of ftsA under the control of this region (Lutkenhaus and 
Wu, 1980). The level of galactokiriase production from even a 
multicopy plasmid carrying this fusion is too low to be accurately 
measured. GalK mutants carrying this plasmid (pNS37) form colonies 
which are only very slightly pink on galactose-MacConkey indicator 
plates. Dr Spiegelberg took advantage of this to screen for 
mutations which increased the level of galactokinase production. 
To do this, pNS37 was mutagenised in vitro using hydroxylamine, used 
to transform &aIK7 cells, and colonies selected which gave increased 
red colour on galactose-MacConkey plates. Both red and white 
colonies were oh-tamed at this stage. Plasmid DNA was prepared from 
"red" clones and used to retransform galK cells to check that the 
mutations were plasmid-borne. The Rl-.II chromosomal fragments 
were purified and recloned into non-mutagenised vector (pNS37) 
- 149- 
Table 5.2 15-mer Oligonucleotide Sequencing Primers 
Name 	 Primer Sequence 
(5' -4 3')  
SD605 AAA ACG GTC AGC AGO 
50375 GGA TGA TGT TGA CAT 
RS1 GOC CAT ACA GCA 1TG 
SD300 ATT GAG CTT AAT ATC 
50299 CTG TCC GTC GCC TTG 
SD500 CGA GAT TGC CAG CAT AA 
Complementary Sequence 








Table 5.3 Galactokiflase Activities of "Red" Clones 
Transition 	Base 	Galactokinase Increase 
Relative to pNS37 
pRS1001 G4A 233 
17x 
pRSI801 CiT 415 5x 
pRS301 CiT 427 
2.15x 
pRS901 G-'A 436 2x 
pRS1501 CiT 639 2.5x 
pRS201 G-+A 965 2x 
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deleted for this fragment before being transformed into the galK 
host once more. Galactokinase was assayed in the resultant (red) 
clones (Table 5.3). Six independently isolated mutated chromosomal 
inserts were then recloned and sequenced in M13mp18. The base 
change in each case was at a different position. Five were within 
the ftsQ ORF and one within ftsA (Table 5.3 and Figure 5.13). In 
each case the mutations were transitions (G.0 - A.T) as expected for 
hydroxylamine mutagenesis. Four of the mutations would result in 
missense substitutions in the FtsQ or FtsA proteins, one in chain 
termination in the middle of ftsO and one in no change in amino 
acid. The different mutations increased transcription of the glK 
gene by between 2- and 17-fold (Table 5.3). These results will be 
considered more fully in the Discussion. 
5.8 DIscussion 
The work discussed in this chapter began as an attempt to accurately 
determine the position of the ftsA promoter(s). During its course, 
it has also revealed what appears to be a complex regulatory region 
lying within the ftsQ gene. 
A search for promoter consensus sequences within ftsQ shows two 
plausible sequences (P A1 and PA2) located within a region which is 
rich in inverted repeats, a further poor fit consensus (P,, 3 ) has 
been defined by j-vitra rnutagenesis (bp 208-237), Figures 5.13 and 
5.14 (found at the end of the Chapter). Of the five point mutations 
which increase transcription from this region, four lie in the 
promoter consensus sequences (3 in P 2 and 1 in P). In the case 
of the mutations in P 2 , the base changes inprove the fit of the 
surrounding sequences to the E.coli promoter consensus as determined 
by Mulligan et al (1984). Figure 5.15 shows that there is an 
approximately linear relationship between the homology scores of the 
best-fit consensus sequences of the QAZV region and the observed 
galactokinase activities of fusions between these regions and galK. 
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Table 5.4 
Promoter Base Homology 1C9k2 for RNA log Kek 2 
Consensus Pair Score polymerase (mis) 
P QUA - 68.2 1.18x 107 7.07 
P djj 900-(-954) 35.8 3.49x10 3.45 
P ftsQ-2 -300-(329) 47.4 6.36x 104 4.80 
P ftsQ-1 -119-(-151) 41.0 1.28x10 4.11 
P ftsA-3 208-237 43.3 2.27x10 4.63 
P ftsA-2 410-437 41.6 1.48x10" 4.17 
P ftsA-1 760-790 35.3 3.05x103 3.48 
P ftsZ-3 1527-1556 38.7 7.17xI03 3.86 
P ftsZ-2 1882-1910 50.9 1.53 x 106 5.18 
P ftsZ-1 2093-2121 53.8 3.17x105 5.5 
P envA 3340-3368 56.6 6.48x10 5.81 
P 2L 4548-4575 49.7 1.14x10 5.06 
P A2(RS1801) 44.5 3.07x JOA 4.49 
P A2(RS901) 46.2 4.71x 
JOA 4.67 
P A3(RSI001) 54.9 4.18x10 5.62 
The calculated increase in Kk 2 over the wild-type levels for each of 
the 3 mutations, 1801, 901, and 1001 is 2.07x; 3.18x and 18,41x 
respectively. 
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Figure 5. 15 
The relationship between the measured promoter strengths of cloned 
chromosoinal fragments (relative to the promoter) and the 
homology score of the best promoter consensus sequences in these 
fragments. The locations of the consensus sequences are given in 
Table 5.4. 
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The exceptions are P, 1 and P,2 , 1 for which the observed level of 
transcription is much less than that expected from the homology 
scores. If this deviation is significant 1 it may imply that the 
activity of these promoters is partially repressed. There is also a 
proportionality between the improvement in fit to the two consensus 
sequences and the increase in transcription for two 	of the 
mutations (Table 5.3 and 5.4). 	It therefore seems reasonable to 
propose that these base changes simply create better promoters 
within ftsQ. The interpretation of the remaining three base changes 
Is however more difficult. One (RS301) should cause the inactivtion 
of a dam methylation site (GATC) in the 16bp spacer region between 
the -35 and -10 consensus boxes of P, the second (RS201) lies 
within f_tsA and Is adjacent to, or part of an apparent DnaA-box. 
The way In which the remaining base change (RS1501) could increase 
transcription remains obscure, but perhaps indicates that it Is not 
too difficult to create a functional promoter within a pre-existing 
reading frame 
It is not possible to conclude that these mutations have themselves 
defined the positions of either promoters or regulatory sequences, 
but taken in conjunction with the data from the deletion analysis 
they do strongly suggest where the functional promoter Is located. 
Thus, it is possible to delete the P 43 consensus promoter and the 
sequence up to and including the -35 box of P 42 without preventing 
the expression of ftsA (no alternative -35 consensus Is created by 
this deletion). However, deletion of a lllbp segment frointh4 -10 
consensus of P 42 does completely prevent ftsA expression. This 
sequence contains three regions of hyphenated dyad symmetry but no 
recognisable promoter consensus. Deletion of the 245bp I-jjI 
fragment does not affect expression, so the most likely location for 
the promoter is within the 420-550bp segment. There are several 
reported Instances of transcription being initiated at promoters in 
which the -35 sequence is absent (g. iP1, Busby j j, 1987; 
Ponnambalarn It al, 1988; gF, Inokuchi 1984). Ponnambalam 
et j (1988) recently demonstrated that substantial deletion into 
the -35 sequence of the g.jP2 promoter (up to base -28) caused only 
a 507. reduction In expression from the promoter. Deletion of two 
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bases within the -10 hexarner completely abolished expression of the 
-galactosidase gene, confirming that its presence was essential f or 
P2 activity. The simplest interpretation of the data presented here 
is that the second consensus sequence (P 12 ) operates as the ftsA 
promoter in vivo and that it is able to function well enough, even 
in the absence of the -35 region, to support normal cell division 
when expressed from the plasmid. It should perhaps also be noted 
that the ftsQ gene is unusually rich in hyphenated dyad symmetry, 
suggesting possible sites for protein binding. One such region of 
symmetry is adjacent to the P, 2 consensus and lies within the region 
which prevents transcription of ftsA when deleted. A homologous 
dyad overlaps the P z3 consensus within ftsA (Robinson 	1984). 
The deletion analysis has confirmed the existence of an internal 
promoter and in addition has demonstrated that a regulatory region 
lying at the beginning of ftsQ also plays a role in ftsA expression. 
Sequential deletion showed that removal of a region (less than 54bp) 
close to the beginning of ftsQ prevents the expression of ftsA. 
Moreover, it was found that while deletions of up to 244bp 
maintained this inactivation, even longer deletions further into 
ftsQ (from 251bp up to at least 4I9bp from the 5' 	(;.Q.R1 site) 
allowed transcription to restart. 	In addition, deletion from 437- 
550bp inactivated ftsA but deletion from 550-780bp did not. 
These observations suggest that the sequences lying towards the 
beginning of the ftsQ ORF are important in governing transcription 
from the ftsA promoter. When the region from the beginning of ftsQ 
to a point beyond 251bp is present then transcription of ftsA can 
take place. Transcription of the gene can also take place when this 
region has been deleted. However, deletion of only the beginning of 
the regulatory sequence prevents transcription; i.e. the region from 
about 54-246bp acts negatively on downstream transcription but this 
is prevented when the region within the 0-54bp segment is also 
present. 
These results are reminiscent of the mechanism by which gene 
expression is regulated in the dec operon. 	In this system the 
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promoters of the target gene are controlled by a regulatory sequence 
(operator) which is located at a considerable distance (more that 
270bp) upstream. 	FIgure 5. 16 describes the structure of the deo 
operon. 	The four structural genes are transcribed from two 
promoters In front of the operon and also from an internal promoter. 
Initiation from P 1  is induced by deoxyribose 5-phosphate and 
negatively controlled by the DeoR repressor. Initiations from P 2 
are induced by adenosine or cytidine and are dependent on the cAMP-
CRP complex. They are negatively controlled by both DeoR and CytR 
(Valentin-HanSen, 1985). P. transcription is induced by inosine or 
guanosine and controlled by unknown protein factors. Two tandem CRP 
binding sites lie adjacent to the deo P 2 promoter (40bp (CRP-1) and 
90bp (CRP-2) respectively from P2), CRP-2 overlaps with the binding 
site f or CytR repressor. 
—400 	—200 	0 	200 	400 	600 	800 
I I 	 I I 	 I 
I I 
0 2 
9 E 	 2. 1 deoC,A,B,D 
crp 1 2 
Figure 5.16 The Structure of the deo Operon. 
Although P and P 2  are both negatively regulated by DeoR, full 
repression of the deo.  operon requires the presence of an additional 
upstream element (OE) This operator lies more than 270bp from the 
start point of P, transcriptions and has been shown to enhance 
repression by up to 12-fold. The mechanism by which this 
"repression at a distance" works has yet to be determined, but 
models have been proposed for similar two-operator system in the SAl 
and ara operons (Valentirl-HaflSefl et gl, 1986). 
Expression of the genes required f or the uptake (araE, araF and 
araG) and the catabolism of L-arabiflose (arBA) Is controlled by 
- 156 - 
the protein product of the araC gene (Englesberg et. 11, 1965). The 
promoters f or araC and araBAD lie adjacent to one another and are 
divergently orientated (the messenger RNA start sites are 148bp 
apart), Lis and Schilef (1973). In the presence of arabinose and 
the cAMP-CRP complex, araC protein acts as an inducer to stimulate 
expression from P BAO (Hirsch and Schlief, 1988). In the uninduced 
state, araC protein can also act to repress transcription from the 
araBAD promoter. 
One model (Schilef, 1988; 1985) which serves to describe the complex 
regulation of this system invokes the formation of loops within the 
DNA (Figure 5.17) Thus, in the uninduced state araC protein binds 
both to areO. and eral. These protein molecules then bind to each 
other and in doing so, create a double stranded loop of 210bp. The 
formation of the loop sterically represses initiation of 
transcription from the adjacent P c RNA polymerase binding site and 
also sequesters the cAMP receptor binding site. When both arabinose 
and cAMP are present, the loop opens and repression is no longer 
possible. Az-aC adopts an inducing conformation and transcription is 
stimulated by an increase in the binding (or the rate of open 
complex formation) of RNA polymerase at the araBAD promoter. 
This mechanism has been tested by changing the spacing of the DNA 
postulated to be in the loop. 	Introduction of 5bp of DNA between 
the araO., and aral sites alters the spatial orientation of the two 
sites by a half helical turn. 	To realign proteins which had 
previously been on the same face of the DNA would require not only 
bending but also twisting of the DNA by a half turn. 	This is 
energetically expensive and in theory would not be favoured in vivo. 
Indeed, spacing mutations do interfere with repression if the number 
of turns introduced are rionintegral (Dunn et . L 1984). 	It 
therefore appears that looping is required for effective repression. 
A similar arrangement has been described for the a. operon in which 
a repressor dimer binds to two operators separated by more than 
lOObp, sequestering the SalP, and P 2 promoters within the loop and 
thereby repressing their activity (Adhya et gkl, 1985; Irani g 
1983). 
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FIgure 5. 17 The Structure of the Arabinose Operon and the Proposed 
Looping Model for Its Regulation 
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Some comparisons may be drawn between these systems and our own 
observations, although the most obvious difference is that control 
of the deo, are, and gj operons is being effected by repressors 
binding at operator sequences which may be separated by several 
hundred base pairs (whereas the presence of the full f. fragment 
results in expression of the downstream ftsA gene). However, this 
did suggest that sequences present at the "transition" points might 
have some role to play in the regulation of the downstream gene. 
Since removing up to 244bp prevented the expression of ftsA but 
deletion of a further 7bp resulted In the reactivation of 
transcription a search was made for a base sequence overlapping this 
7bp region which could be found in other parts of the sequence. 
A 12bp motif centred at 242-253bp was found at two other locations 
within the ftsQ structural gene (Figure 5.13): 
O bp 	11-22 5' A C T G G C G G A C T A 3' 
02 bp 253-242 3' A C T G C C G G A T A T 5' 
02 bp 839-828 3' T G T G C C T G A T T T 5' 
"consensus" 	a c T G c C g G A t t t 
("0 1 " is on the coding strand, "0 2" and "02" are on the non-coding 
strand). 
One of several possible explanations for our observations on 
deletion and expression of ftsA is that there is a dimeric 
regulatory protein which recognises this sequence as a binding site. 
This dimer could then bind any of the two "operator" sites to cause 
loops in the DNA. As shown in Figure 5. 18, binding of 01 to 02 
would leave a downstream promoter free to transcribe Into ftsA. 
However, deletion of 0 1 would only allow binding of 0 2 and 02. The 
promoter would be sequestered within a new loop and, by hindering 
the access of RNA polymerase or by reducing the capacity for the 
enzyme to form a stable open complex, prevent transcription of ftsA. 
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Figure 5. 18 
A model for transcriptional control of ftsA expression. The top line 
shows the ftsQ-ftsA' region with the appropriate location of the 
internal promoter (p) and the proposed "operator" sites 0 1 _3. In 
the second line a hypothetical dimeric protein is shown binding to 
0 1 and 02 to form a loop in the DNA. This configuration allows 
transcription from the internal promoter to proceed into ftsA. 
The third line shows the consequence of deletion of "0". 	The 
regulator protein can now bind to the 02 and 02 sequences with the 
result that the promoter is sequestered with a DNA loop and 
transcription into ftsA is blocked. 
The fourth line shows that it both 0 1 and 02 are deleted, no loops 
can form and ftsA is once more transcribed. 
The bottom line shows a possible alternative looping for the intact 
DNA which would also block transcription of ftsA. 
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Further deletion to remove 09 would prevent loop formation and allow 
ftsA transcription once more. If such looping occured in the 
chromosome itself, it seems unlikely that ftsQ could be expressed, 
and the expression of ftsA would depend upon the particular pair of 
operators that were bound. The nature of the regulatory protein and 
its response to changing cellular conditions might therefore provide 
the key to regulating the levels of the f1k proteins. 
It is conceivable, for example, that from the birth of the cell up 
to a point immediately prior to septaion, there is no requirement 
for the L. gene products and they are therefore repressed (with 
only a basal level present in the cell). This repression would take 
effect through a protein binding to one of the pairs of operator 
sites (which would be determined by the relative affinity of the 
repressor for the sites and would be influenced by their respective 
spatial arrangenments). Assuming 02 and 09 were bound (or 01 an 03 ) 
then the ftsA promoter would be sequestered within a loop and 
inaccessible to polymerase molecules. FtsQ would also be repressed. 
If the repressor molecule was one of the cell division proteins, 
(FtsZ is a possible candidate), then as septation commenced the 
cell's requirement for the protein would increase dramatically. The 
protein would be scavenged for the creation of the new cell septum, 
resulting in the derepression of both ftsQ and ftsA to allow their 
products to be used in the later stages of septation. If a fixed 
amount of septal material is, Indeed produced per cell cycle then 
once this "quanta" of protein had been used up the genes would 
return to a state of repression until the initiation of the next 
division event. 
It would, of course, also be possible to imagine direct base pairing 
of the 11 0 1 " sequence with either "0" or (less well) 11 03" to form 
stem-loop structures in the mRNA. Because 01 overlaps the putative 
Shine-Dalgarno sequence for ftsQ and 0 3 is separated by only I base 
from that for ftsA, such structures could be expected to interfere 
with ribosome-binding and translation of these genes. However, 
because the 02 and 03 motifs are on the same DNA strand, no pairing 
would be possible between these two regions in the transcript. Such 
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a post-transcriptional regulatory model would not be supported by 
our experimental observations, in which deletion of the 0 1 region 
blocks expression of ftsA. In addition, such a model requires that 
transcription of the chromosomal insert in pSZ24 and its derivatives 
should be initiated upstream of the EcoRl cloning site, within the 
vector sequence. Such a promoter would also transcribe the whole of 
ftsQ and allow its expression whereas, in fact, ftsQ is not 
expressed in pSZ24. 
Therefore, transcriptional 
while post-transcriptional 
of the "looping" model i 
sequence should remove all 
sequences. Also, deletion 
expression. 
regulation could explain our observations 
regulation can not. One strong prediction 
that mutation or deletion of the "0" 
regulation of ftsA expression by upstream 
of "0" should result in the loss of ftsA 
The positioning of operators at some distance upstream might be of 
particular importance for promoters regulated by a number of 
molecules and where there is competition for a limited number of 
sites close to the promoter. Positioning an operator distal to the 
promoter would provide a way of maintaining or increasing the number 
of effectors being brought to bear on the target sequence, 
particularly important for genes which are as closely packed as 
those of the cell division cluster. It might also allow the 
regulation of the gene in which the operator itself is located. 
It is tempting to speculate on the functional significance of these 
arrangements and on whether they may be cellular sequences analagous 
to eukaryotic "enhancer" elements for such control elements have 
certain features of structure and function in common. Enhancers 
are cj-acting DNA elements which increase the rate of transcription 
from many viral and cellular transcription units (Struhl, 1987; 
Meniatis gt al, 1987). The distinctive characteristic of enhancers 
is that they can act on j.-linked promoters which may be separated 
from them by many hundreds of bases of intervening DNA. The 
position of the enhancer relative to the promoter need not be fixed 
but can vary by up to several hundred bases of DNA (in the case of 
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the immunoglobulin genes, an enhancer is located within an intron 
and is downstream of the promoter which it stimulates), they are 
also able to function irrespective of their orientation. The 
mechanisms by which these elements regulate transcription are not 
yet known, but indirect evidence suggests that diffusible factors 
may interact in trans with specific sequences to modulate their 
activity. Although it is purely speculative, the existence in fisQ 
of sequences which regulate transcription from downstream promoters 
(suggesting the existence of trans-acting effector molecules which 
recognise these sequences) does make it intvitirlg to make 
comparisons between the two systems. It will be important to 
establish, in DNA protection studies, whether the putative operators 
do bind proteins in. vivo. 
In conclusion, 	these experiments more precisely locate the 
transcriptional start point within ftsQ but also strongly suggest 
that this coding region contains a complex regulatory region 
required for cell division. A tentative first model has been 
proposed f or these observations, but only further analysis of the 
region will serve to confirm or refute these suggestions. Further 
work should include sequencing the ends of deletions lying near the 
"switch points"; Identifying potential target sites for the binding 
of regulatory proteins by locating the position of reactivating 
mutations; and assaying directly 	for the binding of regulator 
proteins. 	It is important to determine whether the ftsQ sequence 
contains all the regulatory sites for the division genes In this 
cluster, so a systematic analysis of the region should ultimatley 
lead to a new understanding of how cell division is regulated. 
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GAGGCCAATTTGCAGGCATTAGTGCTGAAAGCATGGACGACGTTAGGTTGCAAAGGATGGGGACGTATTGACGTTATGCTGGACAGCGATGGACAGTT -100 
GluAlaAsnLeuGlnAlaLeuValLeuLysAlaTrpThrThrLeuGlyCysLysGlyTrpGlyArgIleAspValMetLeuA spSerAs pGl y GInPhe 
0 
TyrLeuLeuGl uAl aAsnThrSerproGlyMetlhrSerHi sSerLeuYal ProMetAl aAl aArgGl nAl aG1yMetSerPheSerG nLeuVal Vol 
EçpRI 	.01 	k 	 . 	 . 	 . 
GAAT TCTGACTGGCGGACTAATATGTCGCAGGCTGCTCTGAACACGCGACAGCGAAGAAGAGTTTCTTCTCGCCGCAATAATGGAACGCGTCTGG 100 
ArgI 1 eLeuGl uLeuAl aAspEnd 
MetSerGlnAlaAlaLeuAsnThrArgAsnSerGluGluGluValSerSerArgArgAsnAsnG ] yTh rAr gL eu  
B on H I . 	 . 	 . 	 . 	 . 	 . 	 . 200 
KpI • 	 • 	 •. 	.02 	. 	 . 
GCTGGTGTTGACCGGTGAACGCCATTACACACGTAATGACGATATCCGGCAGTCGATCCTGGCATTGGGTGAGCCGGGTATTTATGACCCAGGATGTC 300 
ACATCATCCAGACGC AAATAGAACAACGCCTGCCGTGGATTAAGCAGGTGAGCGTCAGAAAGCAGTGGCCTGATGAATTGAAGATTCATCTGGT TGAAT 400 
• 	T 	• 	 . 	 . 	 • 	 . 	 • CGAT TGCGCGGTGGAATGATCAACATATGGTAGACGCGGAAGGAAATACCTTCAGCGTGCCGCCAGCGCACCAGCAAGCAGGTGCTTCCAAT ATGTGC 500 
TyrValProIleAlaArgTrpAsnAspGlnHisMetYalAspAlaGluGlyAsnThrPheSerValProProGluArgT hr S erLy
sGlnValLeuProMet  
• 	 . 	 . 	I'4 ru .1 	. AAAGGACAGATTTACTCTGAAGGAAGCGGCG 600 
• 	 0 	 • 	1.  
ATGACCGCGCGGCGTTCCTGGCAGTTGACGCTGATAACGATATTAAGCTCAATCTTGGCCGGGGCTACGATGCGTTTGGCTCGCTTTGTAGAAC 700 
MetThrAlaArgArgSerTrpGlnLeuThrLeuAsnAsnAsplIeLysLeuAsnLeuGlyArgGlyAspThrMetLys Ar gLeuAlaAr gPheValGlu  
• 	 • Ncirl 	• • 	 . 	 . 800 
Oi 	 • 	 • 	 . 	 • • 	 • 	A, 	 , 
TCAGCAACAAAATCAGGCACAGGCAGAACAACAATGATCAAGGCGACGCAGACTGGTAGTAGGACTGGAGAT TGGTA 900 GC CGCC AGAGGAATCTAC 
ProProGl uGi userlhrGl nGl nGl nAsnGl nAl aGi nAl aGl uGi nGl nEnd 
Metil eLysAl alhrAspArgLy sLeuVal ValGlyLeuGluI 1 eGly 
KpnI 	• 	 • 	 • 	 • 	 • 	 • 	 PuII 	• 	A 	• 
CGCGAAGGTTGCCGCTTTAGTAGGGGAAGTTCTGCCCGACGGTATGGTCAATATCATTGGCGTGGGCATGCCCGTCGCGTGGIATGGATAGGCGG 1000 
• 	 . 	 • 	 • 	 • 	 • 	BLII 	. 	 • 
1100 GGTGAACGACCTCGAATCCGTGGTCAAGTGCGTACCGCGCCATTGACCAGGCAGAATTGATGGCATTGTCAATCTCTTCGGTATATCTGGCGCTT 
PvuII 	 . 	 • 	 • 	 • 1200 
0 EcoRl 
100 
dLeuAsnTh:-Ar9AsnSerGl  Barn HI - 
200 




Asnhlell eGlnthrG ln h l eGlui 1 nArgLeuProTrpI 1 eLysGlnva1servd1ArgLysG1flTrpproAspGluLeuLysLleHlse u valGl 
_ 	 - - 
500 
TyrvaiPro ileA I aArgTrpAsnAsWGI nH 1sMetVaiA pAlaGluGIyAsnThrpheSerValprop roGl uArgThrSerLysGl nva I LeuPromet  
GCT G TAT GGCCCGGAAGGCAGCGCCAATGAAGTGTTGCAGGGCTATCGCGTGGGGCAGATGCTGGCiGCAGAjTTACTC TGAAGGAAGCGGCG 600 
700 
etThrA1 aArglrgSertrpGl nLeuThrleuAsnAsnAspi I eLysLeuAsnLeuGl yArgGl yAspthrMetLysArgLeuPd aArgPheva 101 u 
800 
iGlyirpAl dProLeu 
GCCGCCAGAGGAATCTACTCAGCAACAAAATCAGGCACAGGCAGAACAACAATGATCAAGGCGACGGACAGAAAACTGGTAGTAGGACTGGAGATTGGTA 900 ProProGluG 1 uSefThr- lnG1nG1nAsnG1,laGlflAlaGluGlflG 











GIYVaIAr9MetGIIaLYSVa1Hi sLeuIIeThrCysHi SASnASPMetAIaLYSASnI1 eVal LysAlaValGluArgCysGlyLeuLysvalAsp 
OnLeullePheAlaGI YLeuAl aSerserTyrserYa 1 Leurh 1 uAsps uAryGluLeuGlyValCysyalValAspIleGlyGlyGlyth, e t • 	 .• - 
1500 





Hindill - 	 - 
G1uLy sL euArqnGInGlyvalLysHisHisLeuAiaAlaGlytleVa1LeuThlyGlyA1aAr9Glflh1G1 u Gl yL e 
1900 
Al aAlaCysAl aOl nArg 
2000 
1C 2100 MSTY rGI Y 1YSGIuSerH 1 SLeuASnGlyG 1 uA1aGIUVa1G1ULYSArYVaIT,rAIaSrVa1GISTIIA 
• 	 a- . • . 	 . 	 • 	 . 	 - 
GAAAAGAGTTTTAA 




FIG. 4. DNA nucleotide sequence of the noncotling stnrnd of the ruQft5Afr.rz region. The amino acid sequences deduced for the protiuci 
offtsQ(nuc)eotidcs 2$ io852).f,.4 (nucicocides  952 to 2111). and /sZ(nucIeutide 2175 onwards) are shown beneath the sequence I1a'es are 
numbered arbitrarily from the left-hand &RI site ofhe 2 '.-kb EcoRI fr4gment (see Fig. 1). Putative promoter sequences are shown in boxe. 
(ace Table 2). and inverted repeat sequences are overlined with arrows. Oases upstream of ATG codons which match the cunscnsus for 
ribosome binding are underlined. The cutting sues for the restriction enzymes shown in Fig. 2 and 3 are also depicted 
Fig. 514 
Figures 5. 13 and 5.14 
The diagrams show the nucleotide sequence of the region preceding 
the ftsA ORF. The sequence shown starts in the ddl. ORF which ends 
at base 20 and is immediately followed by the ftsQ ORE (bp 25-852). 
The amino acid translations are shown beneath their corresponding 
codons. 	The positions of the proposed 0,, 02 and 03 sequences 
referred to in the text are shown overlined. 	The single base 
changes which result in increased transcription are shown above the 
normal sequence. In Figure 5 14, the positions of the inverted 
repeat sequences and some reference restriction sites are also 
shown. 
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Chapter 6 
Inhibition of Cell Division by pSZ24 
6. 1 Inhibition of Cell Division in the Presence of pSZ24 
During the course of the deletion analysis it became apparent that 
the plasmid, pSZ24, was having a particularly toxic effect on the 
cells in which it was being maintained. When such transformants 
were incubated at 42C the resulting inhibition of cell division was 
striking. The effect which the plasmid has on wild-type cells is 
illustrated in Photographs 1A and 13 (MV2 and MV2/pSZ24 grown at 
42C, 160 minutes). The host strain, MV2 (and t4V2 transformed with 
pTZ18R, the vector from which pSZ24 was derived) grows and divides 
normally at 42C (Photograph 1A). In contrast, MV2/pSZ24 is blocked 
in division at 42C and grows into long, non-viable filaments 
(Photograph lB) 
6.2 	Use of Mutants to Determine the Stage at Which Division is 
Blocked 
The block to division could have been effected through any of the 
steps leading from the formation of the septum to cell separation. 
To resolve how pSZ24 was exerting its lethal effect, use was made of 
a technique previously used to demonstrate the probable order of 
action of the division proteins (Begg and Donachie, 1985). Double 
mutants which are unable to elongate at 42C (bpA(ts) or rodA(ts)) 
and are also blocked at one or another stage of septation (ftsQ, 
ftsA, ftsZ, or ftsl) grow into swollen cells which have regularly-
spaced constrictions, if septation is blocked at a late stage (ftsQ, 
ftsA. ftst), and no constrictions if septation is blocked at its 
initition (ftsZ). By introducing pSZ24 into one of the shape 
mutants, it was possible to determine from the phenotype of the 
resulting cells, the stage at which division was blocked. 
SF4500 (pbpA) was transformed with pSZ24 and the cells incubated at 
42C (Photograph 2A shows pbpA/pSZ24 growing at 30C; Photograph 2B 
shows how at 42C the cells lose their rod shape and grow instead 
into enlarged "lemons". They have two distinct polar caps, but no 










Photograph 1A: MV2 grown at 42C, 160 minutes. 
Photograph 18: MV2/pS224 grown at 42C, 160 minutes. 





Photograph 2A: SP4500 (pbpA)/pSZ24 grown at 30C, 160 minutes. 
4 
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Photograph 2B: SP4500 (pbpA)/pSZ24 grown at 42C, 160 minutes. 
- 171 - 
round cell phenotype can be seen in Photograph 2C (SP4500/pTZI8R at 
42C). - --_ 	• -- - 	.1.f. 
07 
I' 
Photograph 2C: SF4500 (pbpA)/pTZ18R grown at 42C. 160 minutes. 
The phenotype of the pbpA/pSZ24 cells (at 42C) is indistinguishable 
from that of a pbpA/ftsZ double mutant (Begg and Donachie, 1985). 
At the restrictive tempreature cell division stops, but growth 
continues and the average cell size increases by about 4-fold. A 
characteristic feature of this double mutant is the absence of 
irivaginatlons which would indicate that septatlon had started. In 
contrast, strains in which the second mutation is in ftsQ, ftsA or 
ftsl show the beginnings of constrictions. 
In the original experiments by Begg and Donachie, the series of 
double mutants created in the rodA background were identical in 
appearance to those in the pbpA host. pSZ24 transformed into SP5211 
(rodA) did exhibit a slightly different phenotype, with the cells 
showing some residual capacity for elongation (Photograph 3A). The 
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cells become swollen and their width increases, but they also become 
substantially longer than their pbpA counterparts. 	Most 
importantly, however, there is still no sign of septation having 
occured. 	For comparison, Photographs of rodA/pTZ18R at 30C and 
42C are included (Photographs 3B and 3C respectively). 	The 











Photograph 3A: SP5211 (rodA)/pSZ24 grown at 42C, 160 minutes. 












Photograph 3C: SP5211 (rodA)/pTZ18R grown at 42C, 160 minutes. 
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6.3 Relief of the Division Block by Supplying Excess FtsZ 
It seems likely that pSZ24 produces FtsA to levels far in excess of 
those produced by other plasmids carrying the 2.3kb .Q.Rl insert. 
The copy number of the vector has been estimated as being close to 
400 by monitoring the ability of transformants to grow in the 
presence of increasing concentrations of ampicillin. Cells 
transformed with pSZ24 are able to grow at ampicillin concentrations 
up to 4 times greater than those transformed with the pKO-derlved 
plasrnid, pNS27. These experiments strongly suggest that it is the 
unusually high levels of FtsA protein which cause the block to 
division and that it Is effected through FtsZ. 
It was therefore pertinant to ask whether this block could be 
relieved by supplying excess FtsZ (in the presence of excess FtsA). 
The plasmid pZAQ carries and expresses to a high level the protein 
products of each of the three cell division genes ftsQ, ftsA and 
ftsZ (Ward and Lutkenhaus, 1985). By comparing SF5211 cells 
transformed with pZAQ to those carrying pSZ24 it should have been 
possible to determine whether the inhibitory effect could be 
titrated out by a providing greatly increased number of target 
molecules. If the division block could be relieved in this way the 
cells should have been expected to display a rodA phenotype. 
Otherwise, the double mutant "lemon" phenotype would have been seen. 
Photographs 4A and 4B show the morphology of rodA cells transformed 
with pZAQ at 30C and 42C respectively. Although the cells are 
slightly smaller (cells grow at a greatly decreased rate in the 
presence of this plasmid), they may be compared with rodA/pTZ18R 
(420 to show the phenotypes are, indeed, the same. The photographs 
also show the production of minicells (extra divisions) which are so 
characteristic of pZAQ (in particular) and plasmids which 
overexpress ftsZ (in general) (Ward and Lutkenhaus, 1985). 
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Photograph 4A: SP5211 (rodA)/pZAQ grown at 30C, 160 minutes. 
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S .. 	 . 
It 
• 	. 	 . 	. 	.. 
Photograph 4B: SP5211 (rodM/pZAQ grown at 42C, 160 minutes. 
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6.4 Discussion 
The presence of pSZ24 in a wild-type strain has been shown to block 
cell division in a manner influenced by temperature. The 
construction of the plasmid and its characteristics are described in 
the previous chapter. Briefly then, pSZ24 seems to exert its lethal 
effect by overproducing FtsA (pNS27 expresses ftsA from the same 
fragment, but its copy number (determined from the capacity of a 
transforinant to grow in the presence of increasing concentrations of 
empicillin) is less than that of pSZI4). 	Why the effect should be 
temperature dependent is puzzling. 	It is possible that the copy 
number of the plasmid might be still higher at 42C than at 30C, 
and this could be checked by carrying out a copy number 
determination of the strain grown under different conditions. 
Alternatively, the cells may simply be more sensitive to the 
stresses placed upon their septation systems, at the elevated 
temperature. 
The evidence strongly favours a block to divsion created through 
FtsZ (or some as yet unknown earlier stage) since the morphology of 
the elongation mutants show no signs of septation and so closely 
resembles the pbpA/ftsZ double mutants created by Begg and Donechie 
(1985). This is strongly substantiated by the observation that the 
inhibition may be relieved by supplying excess FtsZ from the plasmid 
pZAQ. Since pZAQ also overexpresses FtsQ it was possible that the 
division block was being lifted by the presence of F'tsQ. However, a 
plasrnid (pGM1) has recently been constructed which overexpresses 
both ftsQ and ftsA (pGML was made by subcloning the ftsO gene, on a 
1.14kb B&AHI fragment, into the aamHI site of ftsA on pSZ24. This 
effectively extends the upstream DNA sequence to allow the co-
ordinate expression of ftsQ and ftsA; G McGurk, unpublished). pGM1 
inhibits cell division in the same way as does p5224. It seems 
therefore, that additional FtsZ is required to overcome the 
downstream block. These results emphasise the importance of co-
ordinate expression of the division genes. Altering the proportions 
of individual proteins leads to inhibition of division, and eventual 
cell death. 
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To rule out the possibility that induction of the SOS response was 
causing the division block (because the cell itself also uses the 
FtsZ protein as a target for division inhibition), an attempt was 
made to monitor the levels of sfiA in the wild-type strain AB2497 
transformed with pSZ24. To do this, the phage Xp(sfIA::lac), 
Huisman and D'Ari (1983), was introduced Into the strain and the 
levels of -galactosidase produced In response to the firing of the 
sf IA promoter were measured. Exposing a portion of the cells to UV 
irradiation (600 ergs total) provided a positive control for the 
production of e-galactosidase from the phage in response to the 
induction of the SOS response. 	However, the results were 
inconclusive; no induction was seen In either culture. 	Evidence 
against the arrest being associated with the expresson of the SOS 
response lies in the observations that neither pZAQ nor pNS27 cause 
any degree of filamentation at 42°C. Clearly, one of the most 
direct ways of testing for sfiA mediated filamentation would be to 
transform pSZ24 into a sfiAsfiC host and check the resulting 
phenotype directly. 
Two alternative models may account for these results. 	As the 
results of Chapter 1 might suggest, it is possible that FtsA protein 
is repressing transcription of the ftsA gene. However, the levels 
of -galactosidase produced from XJFL100 are not altered in a wild-
type strain carrying pSZ24, even at 42°C where division is blocked 
(this is consistent with the observation that treatments which block 
division pgr se do not cause induction of the fts promoters on the 
phage). Alternatively, excess FtsA protein may be interacting 
directly with FtsZ protein to prevent its normal function in 
division. A route for differentiating between these two models may 
lie in the isolation of chromosomal mutations which are resistant to 
the inhibitory effect of pSZ24. These should map either to the 
regulatory region of the ftsA gene, or may be localised within the 
structural gene of FtsZ (if the effect is due to the interaction of 
the two proteins). This, in conjunction with experiments to monitor 
the effect fo FtsA protein on transcription from the promoters in 
vitro should provide a route to a better understanding of the way in 
which regulation of the cell division genes is effected. 
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